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Control of conductivity through doping is a prerequisite for the development of 
any semiconductor, and control of p-type doping has proven especially difficult with 
gallium nitride (GaN).  By an improved understanding of magnesium (Mg) doped GaN 
through an exhaustive review of current limitations, increased control over the material 
was achieved by addressing several of these issues.  The review of Mg-doped GaN 
reveals that the material suffers from a low solubility of Mg in GaN, a tendency of Mg to 
accumulate and segregate at surfaces, a memory effect of Mg in a growth chamber, a 
high vapor pressure of Mg at low temperatures, a low sticking coefficient of Mg on GaN, 
a deep ionization energy of Mg acceptors in GaN, unintentional hydrogen and oxygen 
doping, a significant compensation of Mg acceptors at high dopant concentrations, and a 
drastic dependence upon the growth regime or III – V ratio.  As these issues were 
addressed, repeatable and reliable Mg-doped GaN became a reality using the tools and 
techniques developed as a result. 
  To address the issues of the memory effect, low sticking coefficient and high 
vapor pressure of Mg, a new Mg dopant source was implemented, characterized and 
modeled for p-type doping of GaN with plasma-assisted molecular beam epitaxy 
(PAMBE).  The device enhanced the sticking coefficient by energizing the outgoing Mg 
flux, and also allowed the first reported demonstration of an abrupt junction between two 
non-zero Mg-doped GaN films and the first reported demonstration of a graded Mg-
doped GaN film.  The significant compensation of Mg acceptors at high dopant 
concentrations was used advantageously to develop a new ex situ resistivity analysis 
 
xx 
technique using secondary ion mass spectroscopy (SIMS) to characterize doping of 
buried layers.  The new technique was used to identify the barrier between conductive 
Mg doping and resistive Mg doping by analyzing a film with increased Mg concentration, 
which was then used to optimize Mg-doped GaN.  Because Mg doping exhibits a drastic 
dependence upon the growth regime or III – V ratio, a new growth and regime 
characterization technique was developed using reflection-high energy electron 
diffraction (RHEED).  The technique uses specific RHEED intensity responses to repeat 
growth conditions and assure III – V ratio, or growth regime, for Mg-doped GaN.  During 
the development of this technique, a new surface kinetics growth model for III-nitrides 
was discovered based on desorption mass spectroscopy (DMS) observations.  This model 
suggests preferential buildup of the metal bilayer before growth begins with an unfamiliar 
cation-anion exchange process initially upon metal shutter opening, which has important 
implications for Mg-doped GaN because of surface segregation issues.  Using the new 
RHEED growth and regime characterization technique, a new growth technique called 
metal modulated epitaxy (MME) was developed.  MME was determined to increase 
repeatability, uniformity and smoothness of PAMBE grown films.   
The MME technique was enhanced with a closed-loop control using real-time 
feedback from RHEED transients to control shutter transitions.  This enhancement, called 
“smart shuttering,” led to improved growth rate and further improvement of surface 
roughness and grain size.  Moreover, growth rate and grain size were repeatable within 
low percentages using the technique.  Effects of smart-shuttering MME were observed 
with silicon (Si), Mg and indium (In) during GaN growths.  Repeatable Mg-doped GaN 
was achieved with a variation of less than 8%, and a peak hole carrier concentration of 
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4.7 ×1018 cm-3.  However, no appreciable amount of In was incorporated when attempting 
to grow indium gallium nitride (InGaN) using MME, as a result of high In desorption.  
Therefore, by understanding the limitations of Mg-doped GaN, most of the problems 
were overcome using different tools and techniques for increased control.  Using the 
results of these studies, consistent Mg-doped GaN films can be grown with repeatability 




CHAPTER 1:  INTRODUCTION 
Conventional elemental and III-V compound semiconductors have proven to be 
extremely useful, but are not suitable for many applications.  For example, high-
temperature and high-power transistors are necessary for various automotive, power 
distribution and avionics applications.  Furthermore, short wavelength light emitters and 
detectors are necessary for various display, storage and communication applications.  
Conventional semiconductors suffer from large background carrier concentrations, low 
breakdown electric fields and indirect or narrow band gaps.  The gallium nitride (GaN) 
and related alloy material system exhibits qualities that make it an excellent solution for 
some of the application needs unmet by conventional semiconductors.  However, issues 
of p-type doping GaN with magnesium (Mg) must first be addressed, understood, and 
overcome before this material system is able to meet these needs. 
Prior to October, 1932, a nitride of each member of the known Group III elements 
[Boron (B), Aluminum (Al), Gallium (Ga), Indium (In), Thallium (Tl)] had been 
reported, with the exception of gallium.  At that time, however, an ever-growing 
development began with the first report of powder “Gallic Nitride,” what we now know 
of as “Gallium Nitride” (GaN), by flowing ammonia gas over metallic gallium at high 
temperatures (700-1000° C) [1].  Though much progress has already been made in the 
nearly 75 years since, GaN is still the topic of a phenomenal amount of research because 
of its useful properties.  For example, GaN exhibits a direct band transition with a band 
gap of [2] 
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which is a function of temperature, T, in Kelvin.  This equation results in a band gap of 
approximately 3.44 eV at room temperature [3].  Such a wide band gap is useful for 
electrical applications that are exposed to high temperature.  Likewise, the approximately 
365 nm wavelength emitted by photons generated by the recombination of electrons and 
holes across the band gap [4] is useful for color displays, laser printers, high-density 
information storage and underwater communication [5].  GaN was again reported 
synthesized in 1938 [6] and 1959 [7], with the latter including photoluminescence (PL) 
data and the first attempt at Mg doping.  However, it wasn’t until 1969 that larger areas 
(2 cm2) of GaN were deposited on sapphire using chemical vapor deposition (CVD) [8].  
The first GaN diode was insulating-to-n-type and created in 1971 [9], but the material 
was still relatively low quality and suffered from a large native background electron 
concentration, thought to be caused by nitrogen vacancies [10] or oxygen impurities [11].  
The quality of GaN was greatly improved in 1983 with the introduction of an AlN buffer 
layer that helped to nucleate and produce smooth GaN films [12].   
Though n-type conductivity was easy to achieve with GaN, it was not until 1989 
that p-type conductivity was first obtained and the first p-n junction came with it [13].  
The Mg acceptors had been activated by liberating bonded hydrogen, using low-energy 
electron beam irradiation (LEEBI).  In 1992, it was discovered that Mg-doped GaN from 
hydrogen-containing growth systems could also be annealed in nitrogen to thermally 
liberate the hydrogen from the Mg acceptors, making the process much easier and 
reproducible [14].  Magnesium was the first p-type dopant of GaN resulting in 
conductivity [13] and is now the most widely used and studied dopant for p-type GaN.  
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However, acceptable hole concentrations and control of Mg-doped GaN have been a 
challenge because of various doping difficulties, including a high vapor pressure of Mg at 
low temperatures [15], memory effects of Mg in a growth chamber [16, 17], a low 
sticking coefficient of Mg on GaN, a tendency of Mg to accumulate and segregate at 
surfaces [18], a low solubility of Mg into GaN [11], a deep ionization energy of Mg 
acceptors in GaN [19] and a significant compensation of Mg acceptors at high dopant 
concentrations [11].  The result is a narrow window of Mg-doped GaN growth conditions 
that yield low-resistivity GaN, below which the material is highly resistive because of the 
lack of free carriers and above which it is highly resistive because of some of the 
complications listed above.  Therefore, the need for acceptable hole concentrations and 
adequate control of Mg-doped GaN have led to much work devoted to systematic control 
and optimization of Mg-doped GaN [20-29].   
1.1 Molecular beam epitaxy 
Solid source molecular beam epitaxy (MBE) is the most frequently used epitaxial 
growth technique based on the principles of physical vapor deposition (PVD).  MBE 
involves a beam nature of mass flow toward a crystalline substrate in an ultra-high 
vacuum (UHV) environment (base pressure less than 10-9 Torr [30]).  Precise control 
over the mass flow beam is achieved by evaporating source material in the Knudsen 
mode from a furnace called an effusion cell.  Thin crystalline epitaxial films form on the 
crystalline template substrate when these thermal molecular or atomic beams react on the 
substrate surface [31].   
MBE was first performed with GaAs in 1968 [32], but it wasn’t until 1970 that 
the term “molecular beam epitaxy” was used [33].  The technique was developed out of 
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necessity, as demand grew for a growth technology that would produce single crystalline 
films as thin as 500 Å  [34].  However, it also provided the advantages of a cleaner 
growth process and lower growth temperatures over preceding high-pressure and high-
temperature growth techniques.  Figure 1 and Figure 2 show illustrations of typical MBE 
configurations and associated components. 
For the presented experiments, a Riber 32 MBE system was used for epitaxial 
growth.  The Riber 32 MBE system has three vacuum chambers: an introduction 
chamber, a growth chamber and an analytic chamber that separates the others.  The 
growth chamber is equipped with five standard effusion cells: four for the group III 
(metal) elements (Ga, In and two for Al), as well as one for the dopant silicon (Si).  The 
remaining two ports were occupied by a Veeco 200cc Corrosive Series Valved Cracker 
for the Mg source and a Veeco UNI-Bulb radio-frequency (rf) plasma for the nitrogen 
source.  The plasma source was operated at 350 W with a mass flow controller (MFC) 
controlling the flow of high-purity molecular nitrogen into the source.  The nitrogen flow 
rate for the plasma source was set to 0.35 sccm (sccm denotes cubic centimeters per min 
at standard temperature and pressure) for AlN using the Namkoong method [35] and slow 
GaN growths, and 0.5 or 1.3 sccm for AlN using the MME method [26] and faster GaN 
growths.  The range of flow rates is a result of changing the plasma aperture, which is 
described in Appendix B, but resulted in approximately the same growth rate. 
To monitor the growth surface and environment in situ, a Staib 20 KeV reflection-
high energy electron diffraction (RHEED) gun was used with a filament current of 1.5 A 
and a Stanford Research Systems RGA200, mounted in the growth chamber facing the 
sample, was used with an electron multiplier for desorption mass spectroscopy (DMS).  
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The fluorescent RHEED screen was monitored with a 12-bit (or 22-bit as developed 
herein) charge-coupled device (CCD) camera connected to a computer using k-Space 
Associates kSA400 software for analysis 
 
 









1.2 GaN properties 
Wurtzite GaN is a polar material with lattice constants of a = 3.189 Å and c = 
5.185 Å  [37].  Because GaN substrates are not readily available, GaN is most commonly 
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grown in a polar direction on [0001] sapphire (with a = 4.765 Å , c = 12.982 Å  and 15% 
mismatch [38]), or silicon carbide (SiC) (with a = 3.0806 Å , c = 15.1173 Å  and 3.1% 
mismatch [38]).  Polarity describes whether the bonds along the c-direction are from 
cation sites to anion sites, or vice versa, from bottom to top.  It has been established that 
the [0001] direction is “Ga polar,” and the bonds along the positive c-direction are from 
cation (Ga) to anion (N) atoms, from bottom to top.  Likewise, the ]1000[ direction is “N 
polar” and has c-direction bonds from anion (N) to cation (Ga) atoms, from bottom to 
top, as shown by Figure 3 [39].  
Figure 4 shows a comparison of GaN to other semiconductor’s band gap versus 
lattice constant.  GaN can be alloyed with other materials such as AlN and InN, also 
shown in the figure, for a wide range of band gap engineering.  Upon the discovery of 
GaN, Johnson noted that it “is an exceedingly stable compound” because it did not begin 
to decompose until reaching temperatures near 1000° C [1].  The wide band gap of GaN 
and thermal stability make this material ideal for high-temperature usage, since the 
intrinsic carrier concentration is much lower than with conventional semiconductors at 
elevated temperatures [40], as seen in Table 1.  Likewise, the chemical stability of the 
material makes it ideal for harsh chemical environments, though this also makes etching 
GaN difficult [37].  GaN devices also exhibit a large breakdown electric field, compared 
to conventional semiconductors, of εBR ≈ 3 × 106 V/cm [41] (listed in Table 1), which is 
useful for high-power applications.  The GaN electron saturation drift velocity is also 
high compared to conventional semiconductors, at vsat = 2.5 × 105 m/s and listed in Table 
1, which makes GaN a good material for high-frequency devices.  Table 1 summarizes 
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some common properties of wurtzite GaN compared to those of the traditional 











Figure 4: Band gap energy versus lattice constant for common semiconductors at room 





Table 1: Properties of wurtzite GaN compared to traditional semiconductors. 
Property Symbol [unit]  GaN [Ref.] Si [Ref.] GaAs [Ref.] 
Band gap 
(T = 300K) EG [eV] 3.44 [2] 1.12 [43] 1.42 [43] 
a [Å] 3.189 [37] 5.43 [43] 5.65 [43] Lattice constant 
(T = 300K) c [Å] 5.185 [37]   
Intrinsic carriers  
(T = 300K) ni [cm
-3] 1.9 × 10-10 1 × 1010 [43] 2 × 106 [43] 
Dielectric 
constant Kr 9.5 [44] 11.8 [43] 12.9 [45] 
Electron mass me*/m0 0.2 [44] 1.18 [43] 0.066 [43] 




[V/cm] 3 × 10




[cm/s] 2.5 × 10
7 [41] 1 × 107 [47] 1 × 107 [47] 
 
 
The structure of III-nitride surface morphologies has been studied through 
theoretical models [48-51] and experimentation [49-61] in an attempt to further define 
and characterize three distinct regimes of growth: N-rich, metal-rich with droplets and an 
intermediate metal-rich regime without droplets.  Most of these studies focus only on the 
N-rich and droplet regimes, but others provide information on the benefits of growing in 
the intermediate regime [52-54], which exhibits a laterally contracted metal bilayer at the 
surface, without disadvantageous droplet formation [48-51].  Figure 5a shows a diagram 
relating the growth regimes of GaN to substrate temperature and Ga flux.  The droplet 
regime barrier was defined by experimentally fitting [52] 
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eV 832.2expmin/nm102.2 15available*  (2) 
to empirical data for excess Ga flux, as shown in Figure 5b, where FGa* is the flux of Ga 
at the droplet regime barrier, FNavailable is the available nitrogen (both in units of nm/min), 
k is Boltzmann’s constant and T is temperature in K.  Figure 6 and Figure 7 show atomic 
force microscopy (AFM) and transmission electron microscopy (TEM) data, respectively, 
for samples grown in each of the three regimes.  Although the best surface morphology 
results are shown for the sample grown in the droplet regime, the presence of droplets can 
be undesirable for device structures.  The intermediate regime yields the smoothest 
morphology in the absence of droplets.  However, only a few of these works attempt to 
develop a quantitative, reproducible procedure for determining growth regime in situ for 





Figure 5: (a) Surface morphology diagram for empirical data showing the behavior of the 
three regimes of GaN growth with temperature and Ga flux. (b) Excess Ga, defined by 





Figure 6: AFM images of samples grown in the three different growth regimes, with 
labels corresponding to the points in Figure 5a, showing smoother morphology with 






Figure 7: TEM images of samples grown in the three different growth regimes, with 
labels corresponding to the points in Figure 5a, showing smoother morphology with 
increasing Ga flux [52]. 
 
 
Figure 8: Transmission curve for sapphire, showing transparency at infrared wavelengths 





All films in the presented experiments were grown on [0001] basal c-plane 
oriented sapphire substrates, approximately 430 µm thick, with a polished growth surface 
and rough backside.  Refractory metals were deposited on the rough backside to promote 
thermal absorption, since sapphire is transparent to heat and infrared radiation at low 
temperatures, as seen in Figure 8.  The samples were chemically cleaned before loading 
into the vacuum system, as detailed in appendix A.1.  Before growing GaN, a nitridation 
layer and AlN buffer layer were grown, as detailed in appendix A.2. 
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CHAPTER 2:  DIFFICULTIES OF MG-DOPED GAN 
To achieve p-type doping with III-V semiconductors, either group IV atoms 
should substitute the group V atoms, or group II atoms should substitute the group III 
atoms.  Unfortunately with the GaN material system, the group IV atoms (Si, germanium 
(Ge) and carbon (C)) do not satisfy this requirement.  Si and Ge prefer to substitute for 
the group III atom, thus acting as donors [56, 57] and C is amphoteric, substituting both 
group III and group V atoms, and resulting in highly resistive material [58].  
Furthermore, it has been found that the group II elements with d-shells (i.e., calcium and 
higher masses) form deep acceptor levels, thought to be due to resonance with lower 
valance bands [59].  The remaining practical alternatives to p-type doping are Mg and Be, 
with Mg being the most successful p-type dopant for GaN. 
2.1 Solubility 
Perhaps the greatest difficulty of doping GaN with Mg is the issue of solubility.  
Solubility is the ability of a solute to be dissolved in a solvent.  In the case of a crystalline 
semiconductor material, it is specifically the ability of a dopant to incorporate into the 
lattice.  In general, the more alike a solute and solvent are, the easier it is for the solute to 
replace the solvent in a material [60].  Likewise, the solubility for a substitutional 
impurity depends on the chemical similarity and size difference between a dopant atom 
and the host atom it is intended to replace.  However, many times there exists no impurity 
that closely resembles the host atom, which makes the solubility low and doping difficult.  
Exceeding the solubility limit produces competing compound phases, impurity 
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segregation or precipitation and substitution on the “wrong site.”    Competing compound 
phases are a problem with p-type doping of GaN with Mg [11, 61].   
The low solubility limit of Mg in GaN can be seen by comparing the limiting Mg 
concentration to that of pure Ga and N atoms in wurtzite GaN.  The total concentration of 
Ga and N atoms in pure wurtzite GaN can be found using [62] 
 




















for a large hexagonal close-packed (HCP) unit cell, where VGaN is the volume of a large 
HCP unit cell, nGaN is the number of atoms in a large HCP unit cell and a and c are lattice 
constant parameters for GaN [37].  Furthermore, it has been found that the Mg saturation 
limit for GaN is reached at a Mg concentration of the mid 1019 cm-3 range [61].  
Therefore, by comparing the Mg concentration limit to the GaN atomic concentration, the 
maximum Mg weight percentage allowed before exceeding saturation can be found using   
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where MMg, MGa and MN are the atomic masses for Mg, Ga and N respectively. From this 
calculation, the impact of the extremely small solubility limit can be appreciated.  It is 
because of this low solubility limit that solubility has been identified as the determining 






2.2 Surface segregation and pyramidal defects 
To make matters worse, Mg tends to segregate on the surface of GaN [64, 65], 
forming localized, highly concentrated areas of Mg, which can exceed saturation faster 
than if the Mg were spread evenly over the surface.  These highly concentrated areas can 
continue to build up Mg concentration to a level of approximately 1.2 monolayers, at 
which time the surface Mg concentration is depleted by the formation of defects [65].  
These defects change the film polarity of Ga-polar films to N-polar [66].  Furthermore, 
Mg has been found to enhance the growth rate of GaN for certain crystallographic 
directions [67] and impede growth in others [68].  As a result, the formation and 
propagation of the defects form pyramid-shaped defects, with the tip pointing toward the 
[0001] direction [69].  The pyramid defects have a hexagonal base in the (0001) plane 
with six facets in { }1321  planes [61] and are shown in Figure 9.  Since Mg substitutes for 
Ga in GaN for p-type GaN, Mg would be bonded to surrounding N atoms.  Thus, Mg3N2 
is a competing compound formed at high levels of Mg-doped GaN [61] and is thought to 
be the cause of the polarity inversion of Ga-polar films to N-polar [61].  However, it was 
found for MOCVD that no defects were formed if the Mg flux was lower than a Mg 
molar precursor ratio of 0.02 to the group III source, as seen in Figure 10, indicating this 
flux defines the saturation limit [65].  Above this critical flux, there is a defect-free region 
at the beginning of growth, while the Mg concentration is accumulated on the surface.  
Once the critical surface concentration is exceeded, the Mg is depleted at the surface and 
formed into the material through defects and the process is repeated.  This results in an 
oscillation effect of defect concentration throughout a film, as shown in Figure 11 [65].  
The oscillation of defect concentration is a result of the cycle of buildup of Mg on the 
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surface in the absence of defects, then depletion of the surface Mg through defect 










Figure 10: Response of defect-free thickness to precursor ratio, showing complete defect-





Figure 11: Relationship of defect density and thickness, showing an initial defect-free 
offset and following oscillation with period [65]. 
 
 
2.3 Memory effect 
Mg incorporation also exhibits a delay upon Mg source exposure followed by a 
persistence upon Mg source removal, known as the memory effect [16, 17]. Mg memory 
effects describe the undesirable tendency of Mg to accumulate on the walls of the growth 
environment.  The first study of Mg memory effects with GaN was done in 1994 [17] and 
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was motivated by similar observations of Mg in GaAs [70].  It was found that the steady-
state Mg concentration would be reached in a film only after sufficient Mg had 
preferentially accumulated onto the walls of the growth chamber.  The delay in steady-
state Mg incorporation could be circumvented by moving the substrate to a “waiting 
position” out of the path of source gasses, thus interrupting growth, then turning on the 
Mg source and allowing Mg to accumulate onto the walls before resuming growth, as 
shown in Figure 12.  Conversely, when the Mg source is turned off, the accumulated Mg 
slowly desorbs from the chamber walls to create an unintentional background 
concentration of Mg.  However, it has been suggested that this delay in incorporation is 
due to Mg surface segregation instead of wall adsorption [65], though it is not explained 
why the growth interruption solves the observed memory effect.  Finally, both the 
pyramidal defects and memory effects are reported overwhelmingly more often for CVD 
than for MBE.  However, the few reports of the memory effect in MBE are a result of 
heated components such as the shutter, which was found to re-evaporate Mg when the 
Mg source shutter was closed and heated [29].  Therefore, the larger memory effect with 
CVD is probably a result of the colder wall system that MBE uses, which condenses Mg 
and doesn’t allow it to re-evaporate.  Nevertheless, the re-evaporation of Mg from heated 





Figure 12: (a) Demonstrated memory effect of Mg-doped GaN, with (b) interruption 
solution showing no delay in Mg incorporation [17]. 
 
 
2.4 High vapor pressure 
Conversely, control of Mg as a dopant source in MBE can be especially difficult 
because of the ultra-high vacuum environment.  The temperature needed for dopant-level 
vapor pressures of Mg is relatively low [15] and the vapor pressure curve has a large 
slope at these low temperatures, as seen in Figure 13.  As a result of this slope, the Mg 
flux is highly sensitive to thermal fluctuations.  Because conventional effusion cells use 
thermal energy to control the flux of Mg, they have a limited flux control because of this 
steep vapor pressure curve and also suffer from large fluctuations in Mg flux as a result 
of small fluctuations in temperature.  Conventional effusion cells can also demonstrate 
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sluggish response to temperature changes, because of the long thermal time constants 
associated with temperature changes of the cell, making controllable changes in the flux 
of the Mg dopant a slow process.   
 

































Figure 13:  Vapor pressure curve for Mg [71], which shows a steep slope for low 
temperature, which are used for dopant-level fluxes. 
 
 
2.5 Low sticking coefficient 
The sticking coefficient of a particle onto a surface is a number from 0 to 1 
representing the probability that the particle will stay on the surface.  The necessary Mg 
flux for a specific concentration is determined by the sticking coefficient of Mg on GaN.  
The issue of a low sticking coefficient of Mg on GaN is not covered well in the literature, 
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 gives the flux from an effusion cell, where NA is Avogadro’s constant in mol-1, P(T) is 
the equilibrium pressure in Torr at the cell temperature, T, in K, “a” is the area of the 
effusion cell aperture in cm2, r is the radius of the effusion cell aperture in cm, L is the 
distance from the effusion cell aperture to the substrate in cm, M is the molecular mass of 
the evaporated species in g/mol and R is the molar gas constant in J/mol/K (the units were 
included in the equation for assurance of unit balance).  The final product given for this 
equation can be verified without the geometric adjustments by the equation given for the 
evaporation rate of a liquid or solid surface [73].  When divided by a growth rate, Ġ in 











= . (6) 
Therefore, to find the sticking coefficient, S, the actual dopant concentration, N, can be 
divided by Ni, or S = N/Ni.  Approximating r as 0.6 cm [74] and L as 13.4 cm and using a 
paper that includes the remaining necessary data as an example, where Ġ = 8.33 × 10-9 
cm/s, TMg = 625 K and N ≈ 8 × 1017 at/cm3 [75], a representative sticking coefficient for 
Mg on GaN can be found.  At this Mg temperature, the equilibrium vapor pressure is 













































&  (7) 
Although this result is valid only for the MBE growth of Mg-doped GaN with solid 
source Mg as the evaporated dopant, it clearly shows the extremely low sticking 
coefficient of Mg on GaN.  Furthermore, this result is contradictory to reports of a high 
sticking coefficient in metalorganic CVD (MOCVD) [17]. 
2.6 High ionization energy 
Once all of the above issues of incorporating Mg into the GaN lattice have been 
successfully overcome, there remains the issue of freeing the hole, or activating the Mg 
acceptor.  The ionization energy (also called the binding or activation energy) is the 
minimum amount of energy required to remove the most loosely held electron of an atom 
or ion.  For a donor, it is the energy needed to move an electron from the impurity state 
associated with the donor to the conduction band and for an acceptor, it is the energy 
needed to move a hole from the impurity state associated with the acceptor to the valance 
band (or, more precisely, to move an electron from the valance band to the impurity 
state).  In order for an impurity to be useful as a dopant, the ionization energy must be 
attainable at the operational temperature.  At room temperature, the impurity ionization 
energy has to be comparable to the thermal energy, kT = 26meV, or less for complete 
ionization.  If the dopant results in a much deeper impurity state than the available 
thermal energy, the impurity will likely remain unionized, even if the dopant is perfectly 
soluble and perfectly incorporated into the lattice.  Using the dielectric constant and 
effective hole mass for GaN as Kr = 9.5 [44] and mh*/m0 = 0.95 to 1.1 [46], respectively, 
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the acceptor binding energy can be estimated based on that for a hydrogen atom using 
[43] 








A . (8) 
Previous studies have found activation energies between 112 and 190 meV [76-
80], with the majority being around 160 to 170 meV [77-80] and in good agreement with 
the above estimate.  This results in an approximately 1% activation of Mg in GaN at 
room temperature [78] and would require an operational temperature over 1650° C to 
fully ionize the acceptors.  The activation energy of Mg acceptors is even deeper for 
aluminum gallium nitride (AlGaN) alloys [81].  Recently, activation as high as 10% has 
been reported for GaN using a high growth temperature with high Ga and Mg fluxes [82], 
but this result has not been repeated.  The limitation of low acceptor activation is further 
complicated by a high level of background electron concentration [10].  The native 
defects of GaN are donors that have a theoretical energy level of 30 meV using me*/m0 = 
0.2 [44] and an empirically measured value of 25.2 meV [83].  Therefore, it is much 
easier to activate these donors than it is to activate the Mg acceptors because of the heavy 
hole mass and nearly all of these donors will be activated at room temperature.  Figure 14 
shows the energy band diagram for GaN, including the donor and acceptor levels, with 
thermal energy for comparison.  The native donor concentration in GaN is approximately 
4 × 1016 cm-3 [84] and sets a lower limit on hole concentration as a result of automatic 
compensation.   
2.7 Unintentional dopants 
Unintentional dopants are introduced from various sources and also limit the 
amount of desirable dopants that can be incorporated into the material.  Because ideal 
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crystal growth conditions are not easily attainable, ubiquitous residual impurities such as 
hydrogen and oxygen are one source of these unintentional dopants.  Another source of 
unintentional doping comes from equipment used to grow the crystal, such as outgassing 
from certain types of heaters and fixtures [85].  However, for high-pressure growth 
systems, such as CVD, these contaminants are unavoidable.  Hydrogen is often used as a 
carrier gas for the sources in CVD systems and forms a stable bond with Mg dopants in 
GaN, passivating the acceptor [86].  Furthermore, Figure 15 shows that as GaN is doped 
more as p-type, therefore lowering the Fermi energy, H is incorporated more readily [11].  
Therefore, as more Mg is incorporated successfully into the lattice without exceeding the 
solubility limit, more H is also incorporated to passivate the Mg.  Fortunately, however, 
the Mg can later be activated by thermally liberating the H in an inert gas environment 
[87], which actually helps to keep the Fermi level near mid-gap so more Mg can be 
successfully incorporated and activated later [11, 86].  However, the incorporation of 
oxygen has been found to form a donor with an energy level of 78 meV [88] and thus will 
compensate the hole concentration. Furthermore, it was suggested that oxygen is the 
source of native donors in GaN, instead of nitrogen vacancies [11].  Alternatively, high-
vacuum growth systems that do not use hydrogen, such as MBE, do not suffer from 
hydrogen or oxygen compensation as heavily as other systems and can therefore achieve 























Figure 14: Energy diagram of GaN showing energy levels of donors and acceptors and 






Figure 15: Formation energy as a function of Fermi level for Mg in different 
configurations (Ga-substitutional, N-substitutional and interstitial configuration).  
Vacancies and interstitial H are also included [11]. 
 
 
2.8 Compensating defects 
As mentioned above and demonstrated in Figure 15, doping produces more free 
carriers and alters the Fermi energy, making the creation of oppositely charged native 
defects easier.  This effect creates an upper limit on the possible concentration of free 
carriers generated by doping.  Because these defects are oppositely charged, the 
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formation of these compensating defects involves charge transfer from the dopant to the 
defects (or vice-versa), which negates the effect of the intentional dopant.  Figure 15 
illustrates how Mg-doped GaN suffers from this limitation [11].  For a low Fermi energy, 
Ef, (indicating p-type doping) the formation energy for Mg to substitute for Ga as an 
acceptor becomes larger than defects such as Mg interstitial, accompanying N vacancy 
(double donor), or even a Mg N-substitutional (single donor).  These defects can cause 
compensation to the acceptor doping, limiting the concentration of hole carriers.  Indeed, 
it has been observed that hole concentration decreases with increased Mg flux past a 
critical Mg flux [89, 90].  Relating this back to the solubility limit, the Mg3N2 competing 
phase should not contribute either way to the doping level, although formation of the 
compound does limit the amount of useful Mg that can be incorporated into the Ga sites 
and effective hole carrier concentration is therefore reduced.  However, it has been 
observed that the solubility limit is coincident with the formation of compensating defects 
and the Mg3N2 compound [61], which suggests the Mg3N2 defects may play some role as 
compensating donors.   
2.9 Current status 
Despite the plethora of complications associated with Mg-doped GaN, current 
state-of-the-art reports show promising results and give a reference for comparison.  Mg 
incorporation as determined by secondary ion mass spectroscopy (SIMS) has been 
reported as high as 8 × 1020 cm-3 for MOCVD [76], and  3.5 × 1020 cm-3 for MBE [29].  
However, above approximately 2 – 3.5 × 1020 cm-3, the Mg incorporation begins to 
decrease with increased Mg flux [29].  M-plane )0110(  oriented substrates have been 
used to achieve hole concentration as high as p = 7.2 × 1018 cm-3, though the material was 
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highly resistive [91].  Current electrical characterization for state-of-the-art films grown 
on c-plane substrates are shown in Table 2.  Reasonably high hole carrier concentrations 
range from 1 – 3  × 1020 cm-3.  However, hole concentrations have been reported as high 
as 6 – 7  × 1020 cm-3, though the material was either metastable and reduced upon 
annealing, and/or not repeatable. 
 
Table 2: Electrical characteristics of state-of-the-art Mg-doped GaN on c-plane 






P-type doping of GaN, specifically with Mg [94], has been an integral part in the 
development of devices with this material system.  The successful implementation of 
GaN optoelectronic and electronic devices, such as ultraviolet light emitting diodes and 
high-speed/high-power heterojunction bipolar transistors, depends on the effective use of 
Mg doping for p-type films.  However, Mg doping of GaN is not a trivial task and is 
riddled with several complications.  For example, changing the III-V ratio or substrate 
temperature, even slightly, changes the resulting Mg and/or hole concentration [21, 95].  
This effect is mostly due to changes in the probability of Mg substituting for Ga and thus 
the solubility, surface accumulation and sticking coefficient will all determine the 
resulting change in carrier concentration and polarity.  The difficulties of Mg doping GaN 
are vast and multi-faceted, including the following obstacles: 
Hole concentration (1018 cm-3) 3 3 6* 7 
Mobility (cm2V-1s-1) 9 2 0.3 0.3 
Resistivity (Ω·cm) .23 1.04 3.47 2.97 
Reference [84] [82] [92] [93] 
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• A low solubility of Mg into GaN [11] 
• A tendency of Mg to accumulate and segregate at surfaces [18] 
• Memory effects of Mg in a growth chamber [16, 17] 
• A high vapor pressure of Mg at low temperatures [15] 
• A low sticking coefficient of Mg on GaN 
• A deep ionization energy of Mg acceptors in GaN [19] 
• Unintentional hydrogen and oxygen doping [86, 88] 
• A significant compensation of Mg acceptors at high dopant concentrations [11] 
Some of the listed Mg complications are more adverse for certain growth 
techniques than for others.  For example, the Mg vapor pressure is more of a problem 
with high-vacuum systems such as MBE than for lower vacuum systems such as 
MOCVD.  Conversely, the excessive substrate temperature of MOCVD, often above 900º 
C, results in poor Mg incorporation for the same reason: the high Mg vapor pressure at 
those temperatures.  Additionally, the Mg memory effect is reported more for low 
vacuum systems such as CVD rather than high-vacuum systems such as MBE.  However, 
complications such as low Mg solubility, deep Mg ionization energy and compensation at 
high Mg concentrations affect all growth systems.  Therefore, regardless of the growth 
technique, there are lower and upper limitations to Mg doping of GaN, as there are with 
the doping of other material systems.  The resulting challenge is to standardize the 
growth of Mg-doped GaN within the window of successful growth conditions with 
improved growth control.  This can be done with new equipment, characterization and 
growth techniques.  Once this challenge is overcome, Mg-doped GaN will be easier to 
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create, more repeatable, more reliable, and therefore more applicable to various needs 
requiring this promising material.   
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CHAPTER 3:  MG SOURCE WITH A VALVED THERMAL TIP 
Solutions to the challenges of doping GaN with Mg do not usually come without a 
trade-off because of the coupling of parameters.  For example, maximizing incorporation 
using conventional effusion cells by increasing cell temperature results in a large 
background concentration of Mg and an increase in memory effects, which make abrupt 
concentration changes difficult.  Therefore, minimizing the required magnesium flux, 
thus minimizing memory effects [16, 17], is an important consideration.  Additionally, 
MBE uses shutters that are relatively cold when open and heat up when closed.  Mg can 
condense on the shutters during open cycles and re-evaporate, desorb and re-deposit on 
the substrate when the shutters close.  A new source for Mg doping of GaN with MBE 
was studied to address the issues of high Mg vapor pressure, Mg memory effects and low 
Mg sticking coefficient.  Additionally, a new doping method was explored with the new 
source to improve the magnesium incorporation by a factor of 10, while maintaining 
constant Mg flux.  The new source allows enhanced flux control, facilitating graded 
dopant layers such as that used in graded base heterojunction bipolar transistors [96] .  
3.1 Flux energetics 
The thermal energy of the molecular beam from an effusion cell is a direct 
function of the thermal energy that is used to control the flux from the cell.  The desired 
flux determines the required temperature of the cell and likewise, the required 
temperature of the cell fixes the thermal energy of the molecular beam impingent on the 
growth surface.  Since it is possible that the small sticking coefficient observed for Mg on 
GaN [18] could partially be a result of the low thermal energy of the molecular beam, 
 
36 
which is a direct result of the low temperature required for the dopant level flux from a 
conventional effusion cell, it may be beneficial to have a more thermally energetic 
species of Mg impingent on the growth surface.  However, it is almost impossible to 
address these issues with a conventional effusion cell, because molecular beam flux and 
energetics are coupled together through the cell temperature. 
A valved dopant source can control beam flux independently of beam energetics 
while providing excellent stability, control and reproducibility, which are all difficult to 
obtain with a conventional effusion cell.  Additionally, the valve offers the advantage of 
eliminating the need for a temperature variable shutter, which was found to be a cause of 
Mg memory effects in MBE [29].  A valved cracker source has an evaporation region, 
similar to a conventional effusion cell, which produces a flux that is attenuated by a 
needle valve to control flux independently of evaporator temperature.  A cracker also has 
a thermal energizing tip that can further energize the flux as it enters the growth chamber.  
The cracker tip determines the energetics of the beam, while the valve restricts the flux of 
the source from the evaporator region, thus controlling both the flux and the thermal 
energy of the molecular beam.  It should be noted, however, that beam flux control can 
be difficult if the temperature of the evaporator is raised too high for the valve to 
adequately attenuate the flux to a reasonable dopant level, which is merely a limitation 
depending on the precision of the valve.  In the case of selecting a cracker for Mg, it is 
necessary to have a valve made of a material that will not alloy to Mg to avoid valve 
position freezing.  Thus, an all PBN valve design is highly preferred.  This proposed 
valved dopant source with thermal energizing tip is more suitable than a conventional 
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effusion cell for Mg-doped GaN because of the ability to achieve greater stability, rapid 
and accurate flux control and reproducibility of beam flux and energetics.  
3.2 Model of valved source 
The Veeco 200cc Corrosive Series Valved Cracker, shown in Figure 16, has 
characteristics of an all-PBN valve design, which will not alloy with Mg and an 
independent temperature control of the bulk material verses thermal tip.  Therefore, this 
device was chosen as the valved dopant source to meet the above requirements.  A model 
was needed to characterize the operation of this device, and because the operation of the 
cracker valve is similar to a needle valve, the beam equivalent pressure (BEP) was 
modeled using the conductance theory of an ideal needle valve.  The relationship among 
BEP, conductance and area is given by 
 ( ) 2220 2BEP ii rPrrAC ππ −=−=∝∝ , (9) 
where C is conductance, A is area, r0 is the outer radius of the needle valve, ri is the inner 
radius of the needle valve and P2 is a fitting parameter, equal to the area of a circle with 
radius r0, As shown in this equation, the BEP is proportional to conductance and the 
conductance through a needle valve is proportional to the area of opening, as shown in 
Figure 17b.  The area of opening through the needle valve can be modeled as a circle 
with radius r0, with an inner circle of radius ri subtracted.  The inner circle radius expands 
and contracts based on the position of the needle valve.  The model  
 ( )( )2321BEP PxPP −−= π  (10) 
uses x as the valve position and P1, P2 and P3 as fitting parameters.  The equation was fit 
to experimental data, resulting in  
 ( )( ) mils 48 [Torr], 2901008.2102.4BEP 254 >−−××= − xxπ , (11) 
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with x in units of mils.  There was a region of background limited conduction also 
observed, which was modeled with the exponential function 
 mils 48 [Torr], e0.172BEP 11.287 <×= x
x
. (12) 
 The two curve fits are plotted in Figure 18 and are compared to experimental 
data.  The boundary between these to regions was at a valve position of approximately 48 
mils, though the temperature of the bulk evaporator material (350° C in this particular 
case) determines the valve position of this boundary between the background limited flux 
and conduction limited flux.  Flux measurements from the cracker source varied by less 
than 10% in the conduction-limited regime, allowing good reproducibility.  These 
equations were derived and fit to experimental data to characterize the cracker under the 














(a)      (b) 
Figure 17: Model of valved Mg source as needle valve (a) side view and (b) top view 
(color online).  
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Figure 18:  Model of cracker valve in background and conduction limited regime plotted 
with measured flux data.  The transition point is at a valve position of approximately 48 






3.3 Growth conditions 
The Mg cracker was used in the previously described MBE system and the valve 
position, evaporator temperature and thermal tip temperature were all controlled by 
Veeco controllers.  The cracker evaporator temperature remained at 350° C, while the 
thermal tip was set to either 625° C or 900° C for experiments.  Tantalum-backed 
sapphire substrates were prepared for GaN growth according to Appendix A.  The 
samples were indium bonded to a silicon wafer to secure them in the vacuum chamber 
sample block.  A nitrogen flow rate of 0.35 sccm was used for some Mg-doped GaN 
films, while most used a nitrogen flow rate of 0.5 sccm for faster growth, with a growth 
rate of approximately 0.45 µm per h.  Following nitridation and the AlN buffer layer, the 
substrate temperature was reduced to 550° C and the Mg-doped GaN experiments were 
grown on the AlN layer. 
The effect of the thermal tip was tested by growing two stepped Mg-doped 
profiles at a thermal tip temperature of 625° C (below the melting point of Mg, 650° C 
[15]) and 900° C (above the melting point of Mg).  All other variables in the experiment 
were kept constant between the two samples and during the growths, including the Ga 
flux, Mg flux at each step, N-flow-rate, rf power and substrate temperature.  The stepped 
Mg-doped profile was characterized by seven Mg-doped regions, grown for 10 min each 
at constant fluxes, separated by 10-min growths of undoped GaN.  The Mg flux was 
increased systematically for these steps, from 1 × 10-10 to 3 × 10-9 Torr, BEP.  SIMS was 
 
41 
performed on the two samples according to appendix D.1, with the results shown in 
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Cold:  T = 625°C  Hot:  T = 900°C
 
Figure 19:  SIMS data from a Mg-step profile for cold and hot cracker, showing enhanced 
sticking coefficient and an order of magnitude increase in Mg incorporation for same 
BEP of 3 × 10-10 Torr from cold cracker to hot cracker.  Also shown is the faster rise of 
incorporation at low Mg BEP, as well as a faster decrease of incorporation at high Mg 





3.4 Effects of thermal tip 
It is apparent from Figure 19 that the change in the temperature of the cracker tip 
has an effect on the sticking coefficient of Mg on GaN.  At a Mg BEP of 3 × 10-10 Torr, 
the incorporation for the hot cracker is over an order of magnitude greater than the cold 
cracker.  The hot cracker also shows sustained higher Mg incorporation around the 
saturation point, incorporating 30% more Mg than the cold cracker [29].  Finally, the hot 
cracker drops off from the saturation peak faster than the cold cracker as Mg flux is 
increased.  These three different characteristics of Mg incorporation between the hot and 
cold cracker tips suggest a shift in the saturation point toward a lower flux as the thermal 
energetics of the beam are increased.  This result appears to indicate that the sticking 
coefficient is enhanced with increasing beam thermal energy, thus enhancing the 
incorporation of a fixed Mg flux with more thermal energy.  Furthermore, the highest Mg 
incorporation was over 5 × 1020 cm-3, which is near the previously reported maximum 
value [76]. 
3.5 Valve control capabilities 
Figure 20 shows the Mg profile from SIMS analysis of a sample grown with two 
steps of increasing Mg fluxes (retaining constant thermal energy) and demonstrates the 
enhanced control of the valved cracker.  The small dip between the two peaks is a result 
of a thin, undoped layer of GaN.  An abrupt junction between two non-zero values of Mg 
incorporation such as this is not possible with a conventional effusion cell.  This 
enhanced control is significant because it demonstrates an advantage of the valved 
cracker’s behavior with the first reported demonstration of such a profile with Mg-doped 
GaN.  The cracker’s operation is analogous to a digital-to-analog converter in an 
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electrical circuit, because of its exact, quantified digital input and wide-range of analog 
flux output.  Its digital input quality allows for precise control and repeatability of valve 
position, while the analog flux output allows for a nearly continuous range of fluxes.  
This behavior gives enhanced control of Mg doping over the conventional effusion cell.  
 




BEP = 4.6E-10 Torr
















Figure 20:  SIMS concentration profile shown of an abrupt Mg junction separated by a 
thin undoped region, demonstrating improved doping control over sluggish conventional 






3.6 Mg dependence upon III – V ratio 
An interesting finding during this study is the dependence of Mg incorporation on 
Ga flux, as shown in Figure 21.  Although it is well known that more Mg is incorporated 
as Ga flux is decreased since there are more available sites for the Mg atoms [98], Figure 
21 shows a contradiction to that theory, but only at a certain critical flux.  Initially, Mg 
incorporation increases with Ga flux in the Ga range of 3.1 x 10-7 down to 1.9 × 10-7 
Torr, BEP.  But at approximately 1.5 × 10-7 Torr, BEP, there is a much smaller peak than 
the peaks around it.  After this flux, from the Ga range of 1.3×10-7 to 1×10-7 Torr, BEP, 
the Mg incorporation continues to increase with decreasing Ga flux, as expected.  It is 
also interesting to note that the RHEED pattern changes from streaky to spotty and back 
to streaky in this transition.  This may explain why some groups have success growing 
Mg-doped GaN from N-rich conditions and others have success from Ga-rich conditions:  




































Figure 21:  SIMS data showing profile of step-Mg-doped sample with constant Mg flux 




A valved source with an independent thermal tip used for the Mg dopant source in 
MBE of GaN appears promising for enhancing dopant incorporation and control 
compared to a conventional effusion cell.  As shown, the sticking coefficient of Mg on 
GaN was apparently enhanced based on increased SIMS-determined Mg concentration.  
Dopant concentration was clearly increased by over an order of magnitude for the same 
Mg BEP by increasing the temperature of the thermal cracking tip.  It was also shown 
that the cracker source can be characterized through a mathematical model to allow 
precise and repeatable performance for improved controllability. An abrupt profile was 
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demonstrated using this improved controllability. Linearly graded doping profiles can 
also be achieved and could be useful in future studies of graded  base doping of an HBT 
to improve base transport times using field-assisted transport [96].  Although the Mg 
incorporation may depend inversely on the Ga flux, there are exceptions to this, 
according to observed saddle points in the Mg incorporation as the Ga flux is changed.  
Finding the optimal Ga flux may depend on the direction from which one approaches this 
saddle point (i.e., from the N-rich or Ga-rich direction).  The enhanced incorporation and 
control of Mg-doped GaN using a valved source with a thermal tip rather than a 
conventional effusion cell may result in further advances to meet the needs of the wide 
range of GaN devices. 
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CHAPTER 4:  EX SITU RESISTIVITY ANALYSIS OF DOPING USING ED-SIMS 
4.1 The SIMS energy distribution 
The energy distribution (ED) of ions from SIMS is determined by the ionization 
mechanism [99, 100], primary ion chemistry[101, 102], primary ion energy [103, 104], 
surface atom chemistry [102-108] and surface charging effects [109].  However, when 
performing SIMS on a homogeneous material with a consistent primary ion beam 
chemistry and current, significant changes in the ED can be caused only by changes in 
surface charging [109].  Surface charging during SIMS can occur with highly resistive, 
wide band gap, or insulating material.  The bombardment of charged primary ions causes 
charge buildup on the surface of the material since it is difficult to dissipate the charge in 
vacuum.  Surface charge buildup in SIMS not only affects the energy distribution of the 
secondary ions, but also causes drastic variation in the trajectories of primary and 
secondary ions [109], thus influencing the secondary ion yield.  The effect of surface 
charging on secondary ion yield has already been observed and noted for insulating films 
such as SiN passivation layers [110] and wide band gap materials such as GaN [111].   
However, no work has been found that uses the charging phenomenon and associated 
secondary ion yield effects for beneficial reasons.  For example, it should be possible to 
use SIMS to observe changes in the host atom secondary ion (HASI) ED to quantitatively 
optimize the conductivity of otherwise highly resistive semiconductors.  The optimization 
could be accomplished simply by observing changes in the ED in correlation to changes 
in resistivity for various doping concentrations in the semiconductor.  While resistivity 
optimization is also possible using multiple bulk samples of constant Mg-doped GaN, 
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this technique would allow quicker optimization by combining those multiple 
experiments into one single growth.  This technique has been used to quantitatively 
optimize Mg doping of GaN.  However, because of its universal applicability, this 
technique could theoretically be used to quantitatively optimize doping of any 
semiconductor. 
4.2 Growth and analysis conditions 
One cm by one cm square sapphire substrates were coated with Ta and In on the 
backside, and prepared for GaN growth according to Appendix A.  The substrate 
temperature was then reduced to 550° C and the Mg-doped GaN experiments were grown 
on the AlN buffer layer.  The previously characterized Veeco 200 cc Corrosive Series 
Valved Cracker was used as the Mg dopant source [21, 22, 112].  The Mg bulk 
evaporator and tip temperature remained constant at 330° C and 625° C, respectively and 
cracker valve position was used to control the Mg flux. 
The SIMS instrument used was an Atomika Ion microprobe A-DIDA 3000-30, 
with a typical analytical chamber base pressure of 3 × 10-9 Torr.  The ion guns were mass 
filtered and neutral trapped using O2+ and Cs+ projectile ions as the primary ion beam.  It 
was operated at an oxygen beam potential of +15keV at normal incidence to the surface 
and energy of approximately +15keV at a 45° angle to the surface for cesium.  The 
secondary ion detector consisted of a quadrupole mass spectrometer and an electron 
multiplier.  The secondary ion current signal was set at 50 nA and electronically gated for 
30% of a 200 × 200 µm2 rastered area to minimize crater edge effects.  SIMS depth 
profiles of Mg concentration in the GaN films were performed using standards measured 
at Evans East to quantify the Mg concentration.  Energy distribution SIMS (ED-SIMS) 
 
49 
was performed by sputtering through the film and observing the ED of sputtered Ga 
HASIs.  The EDs were then compared to the depth profile of Mg concentration in the 
GaN material.  By sweeping the sample target bias potential from –20 V to +50 V, the 
full ED of the Ga HASIs could be observed.  In both regular SIMS (used to obtain a 
depth profile of the Mg concentration) and ED-SIMS cases, the maximum Ga HASI 
count rate was obtained for a 0 V target bias potential by adjusting a compensating 
electron flood gun, used to neutralize any initial charging effects at the beginning of the 
measurement.  Once determined, the electron flood gun beam conditions were kept 
constant at -2.5 kV and 2.5 mA for all samples and all target voltages, allowing the ED 
peak to shift from the initial 0 V position in the event of a conductivity change.  Further 
details of the SIMS experiment are found in appendix D.1. 
To observe the effects of exceeding the saturation limit of Mg in GaN on 
conductivity, a sample was grown, with Mg linearly graded from a closed valve position 
(0 Torr, beam equivalent pressure, BEP) to a valve position of 65 mils (approximately 
1×10-9 Torr, BEP) by increasing the valve position at a linear rate of 1 mil per min.  This 
linear increase in valve position resulted in a Mg BEP profile following approximately 
the shape of the background limited portion of the flux curve in Figure 18, which is 
defined by equation 12 [21].  The ED of Ga HASIs versus sputter time (which 
corresponds to sputter depth) from the ED-SIMS analysis are shown in Figure 22.  The 
signal for Ga at a target bias potential of 0 V is highlighted in black and the Mg 
concentration is aligned in white corresponding to the Ga signal at 0 V, for reference.  







Figure 22:  The energy distribution of Ga HASIs from ED-SIMS of Mg graded sample, 
showing energy shifts in different regions of resistivity.  The black line highlights the Ga 
HASI intensity at a target bias potential of 0 V and the white line shows an overlay of the 
Mg secondary ion intensity, aligned to the Ga intensity at 0 V.  The three regions of 






Figure 23: A reproduction of Figure 22, showing detail of the energy distribution in the 
regions of interest: A (High Mg doping, above critical doping level), B (Moderate Mg 
doping, below critical doping level) and C (Low or No Mg doping).   This data shows a 
shift in peak energy to higher target bias potentials and changes in the shape of the 
distribution for the different doping regions. 
 
 
To quantify valve positions and doping concentrations for the changes seen in the 
Ga HASI ED, a step profile of Mg doping was grown with constant Mg-doped GaN 
grown between layers of undoped GaN.  The seven layers of constant Mg doping were 
grown at Mg valve positions of 22 (~1 × 10-10), 32 (3 × 10-10), 43 (6 × 10-10), 55 (9 × 10-
10), 67 (1.2 × 10-9), 105 (2.0 × 10-9) and 190 (3.0 × 10-9) mils (Torr, BEP) with layers of 
undoped GaN between them, all for five min each, with all other variables remaining 
constant.  A SIMS depth profile monitoring secondary ions for Mg, Ga at 0 V target bias 
 
52 
potential, Ga at +12V target bias potential and Ga at -12V target bias potential was done 
and is shown in Figure 24.  
 
 
Figure 24: A O beam SIMS measurement of a step profile of Mg-doped GaN, showing 
regions “A” and “B” of Mg doping concentration and the effect of shifting the Ga HASI 
energy distribution as a result of changing from one region (conductivity) to another. 
 
 
4.3 Cs-beam SIMS analysis 
Further SIMS analysis using a Cs+ primary ion source was also performed using a 
technique to eliminate changes in the sputter yield caused by changes in the matrix [113].  
The Cs+ beam SIMS analysis was done to ensure that the Mg concentration was kept low 
enough for all doping levels used to not cause changes in the matrix, which could modify 
the Mg sputter yield.  As previously mentioned, changes in the chemistry of the surface 
atoms can lead to changes in the ED and secondary ion yield.   Therefore, it is important 
to rule out changes in the concentration of Mg in GaN as a cause of matrix change and 
thus ED changes to isolate surface charging as the only contributing factor to any 
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observed changes in the ED.  The following discussion describes how this was done and 
is based on the work by Thomas et al. [114].   
The impact of Cs+ primary ions on a specimen surface gives rise not only to the 
positive ions of the specimen, but also to positive ions of a molecular combination of the 
specimen and the Cs ion.  For example, the CsGa+ secondary ion is also generated and 
the signal can be modeled as [114] 
 lCfI GaB σ=
+ )aSignal(CsG , (13) 
where f is an instrument transmission function, IB is the incident primary ion beam flux, 
CGa is the concentration of Ga in the GaN matrix, σ is the cross section of the Cs+ + Ga 
→ CsGa+ reaction and l is the distance traveled by the Ga through the GaN matrix.  It has 
been shown that σ and l have little variation with changes in the detected species (Ga in 
this case) and the matrix (GaN in this case) [115, 116].  Therefore, this signal of CsGa+ 
should be linearly related to the concentration of Ga [113].  Conversely, using the 
equation that is normally used to predict the fraction of positive monatomic species 
ejected from a solid [117] along with an equation to scale by the flux, the Ga+ secondary 
ion signal can be modeled as [114] 













−+ ==GaSignal , (14) 
 where N is a model of the flux of the emerging Ga, S is the sputtering coefficient of the 
matrix, CGaN is the concentration of the GaN matrix, I is the ionization potential of Ga, φ 




It has been shown that I, φ, A and B vary drastically with changes in the detected 
species and/or the matrix [118].  While equation 13 indicates that the CsGa+ signal isn’t 
affected by matrix changes, traditional interpretation of the positive ion signal suggests 
that the Ga+ signal would be highly affected by matrix changes.  Thus, a profile 
comparison of the two signals described by equation 13 and equation 14 should indicate 
if sputter yields are being affected by matrix changes caused by changes in the Mg 
concentration.  Therefore, each profile sample was additionally analyzed with the Cs 
beam to verify the Mg levels were kept low enough to avoid matrix change effects.  
Figure 25 shows the Cs-beam analysis of the Mg step profile sample, with the Ga and 
CsGa signals stable and offset by a constant throughout the film.  The deviations at the 
extremities are due to non-steady-state surface effects [119] and matrix changes at the 
substrate interface.  The low, noisy CsMg signal is also shown in Figure 25 for reference 
and the data is reproduced in Figure 26 with data from Figure 24 for clarity. From the Cs 
beam analysis results, it was found that the concentrations of Mg used in these 
experiments had no noticeable effects on the matrix according to comparison of the Ga 
and CsGa signal profiles, shown in Figure 25 and Figure 26, thus indicating that the 
levels of Mg concentration are low enough to not affect the sputter yield as a result of 




Figure 25: The SIMS data from Mg step profile sample (seen in Figure 24), using Cs 
beam, showing stable Ga and CsGa signals, offset by a constant throughout the bulk of 
the film, indicating the absence of matrix effects for the O beam analysis.  Signal 
deviations at the extremities are due to non-steady-state surface effects [119] and matrix 






Figure 26: Combined data from Figure 24 and Figure 25, shown for clarity.  A step 
profile of Mg-doped GaN showing regions “A” and “B” of doping Mg concentration 
according to O-beam SIMS and the effect of shifting the O-beam Ga HASI energy 
distribution as a result of changing from one region to another.  Also shown are the Ga 
and CsGa signals from a Cs-beam SIMS scan, which are not affected by the region 
change, indicating the O-beam observations are not caused by a changing matrix.  The 
Mg flux used for each doping step is shown for reference and it is important to note the 
concentration scale is only valid for the Mg signal. 
 
 
4.4 Resistivity analysis 
4.4.1 Graded Mg profile 
The only variable that can alter the shape of the ED for these experiments was 
surface charging effects.  Therefore, the ED shifts seen in Figure 22 can be interpreted as 
changes in the charge state of the sample with increasing depth.  These changes in charge 
state correspond to decreasing Mg doping and result in conductivity changes throughout 
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the sample.  At high Mg fluxes, well above the saturation limit [29], Mg-doped GaN 
material will be highly resistive resulting from the formation of compensating Mg 
compounds and high compensation from unintentional defects [11].  Since this analysis 
was done on a Mg-graded GaN sample up to well beyond the saturation point at the 
surface, the surface was highly resistive.  Furthermore, there is no noticeable change in 
the EDs of Ga HASIs for approximately the first 10 min of sputtering, indicating that 
there are no drastic changes to the conductivity of the sample.  This highly resistive 
region is labeled “A” for reference.  Shortly after 10 min, beyond region “A,” the EDs 
begin to noticeably change shape.  The shift in the EDs was expected as the sputtered 
crater reached deeper layers of lower resistivity from lower Mg doping, since a doping 
level below the saturation limit would eventually be reached and conductivity would 
therefore change drastically.  In this deeper region, the specimen develops less charging 
as a result of better conductivity, which coincides with the decreasing Mg grade, or more 
specifically, the free carriers created by the Mg as the concentration becomes less than 
the saturation limit.  This conductive region, which shows variable EDs of the Ga HASIs, 
persists for about 10 min and is labeled “B” for reference.  Further into the sputtering 
process, beyond region “B,” a second stable region of the EDs is observed.  Again, a 
region of stable EDs indicates a region of constant resistivity in the layer.  Because there 
were no layers of constant Mg doping in the sample, this second region of stable EDs 
must be highly resistive, though this time, the high resistance is due to low or zero Mg 
doping and thus a lack of free carriers.  In this region, the sample conductivity is 
background limited, or undoped and thus either does not vary with changes in the low Mg 
flux, or the layer is not doped with Mg at all.  This second highly resistive, stable region 
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is labeled “C” for reference and lasts about 10 min of sputter time.  Finally, beyond 
region “C,” the EDs go through another drastic change as the Ga HASI signal drops to 
the level of background noise, indicating the sputtered crater has reached the AlN buffer 
layer and substrate.   
The characteristic profiles for each of the regions, “A,” “B,” and “C,” are 
comparatively shown with more detail in Figure 23.  Shifting of the peak energy can be 
clearly seen in this figure.  The peak energies are centered approximately on -5V, +20 V 
and +5V for regions “A,” “B,” and “C,” respectively.  The peak movement shows the 
EDs shifted to higher peak energies for conductive layers and back to lower peak 
energies for highly resistive layers, which is consistent with the use of positive primary 
ions. 
4.4.2 Step Mg profile 
The results from the Mg-graded GaN sample were augmented by the step profile 
of Mg-doped GaN, shown in Figure 24.  From left to right, as the sputtering process 
begins, the Mg incorporation level initially rises from a layer grown with higher Mg flux 
to a layer of decreased Mg flux, which is predicted behavior well above saturation for 
Mg-doped GaN [29].  However, the Ga HASI ED is unchanged during this time since 
conductivity remains low as a result of defects associated with this high level of Mg 
doping.  Furthermore, when the Mg incorporation level drops significantly at the sixth 
peak from the left, corresponding to a Mg concentration of approximately 1 × 1019 cm-3, a 
shift in the Ga HASI ED appears, indicating a layer of different conductivity has been 
reached.  It can clearly be seen in Figure 24 that the ED peak shifts to higher 
energies/voltages for the decreasing Mg incorporation by noting the Ga HASI signal at -
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12V target bias potential drops below the same signal at 0 V, which drops below the 
same signal at +12V.  The power of this technique is illustrated by the ability to observe 
these changes in resistivity for buried layers of Mg-doped GaN, which aren’t directly 
electrically measurable and finding optimal resistivity among the used fluxes without 
analyzing several samples.  The observed changes in the EDs in the Mg step profile 
experiment reinforce the conclusions of the Mg graded profile for both regions “A” and 
“B.”  Region “C” was not characterized in the step profile experiment since no low doped 
or undoped bulk layer was grown significantly thick enough. Furthermore, it is 
interesting to note the relationship between increasing Mg flux and Mg incorporation, 
which initially increases with flux, but finally decreases with increasing Mg flux. 
4.4.3 Ruling out matrix effects 
Matrix effects from the varying Mg concentration were ruled out using the 
previously discussed Cs-beam SIMS technique.  Figure 25 shows the consistent 
relationship between detected Ga ions and detected CsGa complex ions throughout the 
film of the Mg step profile sample.  After a short time to reach sputtering equilibrium at 
the top of the film (time zero), the Ga and CsGa signals are extremely stable and 
consistent until reaching the AlN/Sapphire substrate.  Since the Ga signal would be 
affected by any changes in the matrix and the CsGa signal would not, the fact that they 
are both constant shows that there are no changing matrix effects present in this scan, or 
the data from other scans of this sample, including those using the oxygen beam.  Also 
shown in the figure is the noisy CsMg signal, which is overcome by the shoulder of the 
Al signal at the AlN/sapphire interface.  This technique was also applied to the Mg linear 
profile to verify the absence of matrix effects.  Furthermore, since deposited Cs metal 
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atoms from the primary beam would assist in dissipating charge buildup, surface 
charging effects are not seen with the Cs-beam SIMS analysis. 
4.4.4 Electrical characterization 
To examine the electrical properties of these three distinct regions of Mg doping, 
additional bulk samples, grown with a constant Mg concentration corresponding to 
regions “A,” “B,” and “C,” were compared using National Institute of Standards and 
Technology methods for resistivity and van der Pauw Hall measurements [120], as 
described in Appendix C.  For samples grown with a constant Mg concentration 
corresponding to region “A,” a resistivity of approximately ρ = 90 Ω·cm was measured.  
Likewise, for samples grown with a constant Mg concentration corresponding to region 
“C,” a resistivity of approximately ρ = 110 Ω·cm was measured.  However, the most 
promising results came in samples grown with a constant Mg concentration 
corresponding to region “B.”  For samples grown in this region of Mg concentration, at a 
Mg flux just below 6 × 10-10 Torr, BEP, an average resistivity of ρ =  0.59 Ω·cm, an 
average mobility of µ = 8.8 cm2/Vs and an average hole concentration of p = 1.2 × 1018 
cm-3 were measured, near the best reported values [82].   These electrical results confirm 
the analysis of the ED-SIMS data and provide a method for optimizing the conductivity 
and therefore the carrier concentration in Mg-doped GaN.   
4.5 Summary 
Monitoring changes in the EDs of the Ga HASIs during a SIMS depth profile of 
varying Mg-doped GaN has shown to be a good way to identify changes in the resistivity 
of layers.  More specifically, this technique can allow the identification of the boundary 
between conducting and insulating layers and has therefore proven to be useful to 
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optimize the Mg-doping of GaN.  The method outlined also provides a quicker alternative 
for optimizing resistivity from growing and measuring multiple bulk samples. Changes in 
the EDs of HASIs in SIMS for a homogeneous material, such as Mg-doped GaN, indicate 
changes in surface charging effects.  Therefore, the regions of constant and varying Ga 
HASI EDs observed in graded and step-profile Mg-doped GaN samples were used to 
relate the electrical properties of bulk Mg-doped GaN samples with different Mg doping 
concentrations.  Furthermore, it may be possible to use this method of analyzing the EDs 
through ED-SIMS analysis to quantitatively optimize the Mg concentration in GaN while 
still maintaining low resistivity.  Finally, because of the universal applicability of ED-
SIMS to all semiconductors which are normally highly resistive in undoped or highly 
doped cases, this may prove to be a useful method of optimizing doping of other 
semiconductors as well. 
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CHAPTER 5:  IN SITU GROWTH CHARACTERIZATION USING RHEED AND 
DMS 
Currently, most epitaxy of III-nitrides via MBE relies heavily on qualitative and 
subjective analysis of RHEED patterns.  Traditional RHEED oscillations, discovered in 
the 1970s for GaAs [121], are rarely observed in III-nitrides because the amplitude of the 
oscillations is small enough to be lost in the signal noise and is quickly dwarfed by  long-
range disorder from nuclei formation, growth and metal surface coverage [122, 123].  
Thus, until recently, most III-nitride researchers have relied on a qualitative RHEED 
pattern, including the “streakiness”, relative dimness of the streaks to the background and 
similar qualitative properties to indicate the growth regime and most researchers still rely 
on qualitative techniques.  Such subjective RHEED image analysis is difficult to 
reproduce, especially given the extreme sensitivity of material quality to III/V ratios.  
Interpretation and reproduction of qualitative analysis techniques are particularly difficult 
during nucleation of new mismatched layers.  Therefore, an in situ quantitative growth 
regime determination technique using RHEED and DMS was developed.  This technique 
was developed with AlN while trying to optimize buffer layers for Mg-doped GaN, but is 
applicable to all III-nitrides that exhibit the three growth regimes, including GaN, AlN 
and AlGaN.  The results of this technique can be used to improve reliability of Mg-doped 
GaN by monitoring growth regime in situ. 
5.1 Growth conditions 
Sapphire substrates were coated with molybdenum on the roughened backside and 
were then either used as 2 in. diameter substrates, or diced into 1 cm squares for 
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substrates.  The samples were prepared for growth according to Appendix A.  Following 
low-temperature nitridation, the samples were heated to 800° C at 2° C/s to prepare for 
the experiments.  To determine representative growth conditions above and below the Al 
droplet regime, four samples of bulk AlN were grown for 20 min each on 2 in. substrates 
with constant Al cell temperatures.  Two of the samples were grown below the droplet 
regime barrier at Al cell temperatures of 1080° C (Al flux of 2 × 10-7 Torr beam 
equivalent pressure, BEP) for sample A and 1090° C (2.4 × 10-7 Torr BEP) for sample B 
and two of the samples were grown above the droplet regime barrier at Al cell 
temperatures of 1095° C (2.6 × 10-7 Torr BEP) for sample C and 1100° C (2.9 × 10-7 Torr 
BEP) for sample D.  While samples C and D were clearly grown in the Al-rich regime, 
since they had Al droplets in the center of the sample, samples A and B had no Al 
droplets in the center 1 in. diameter of the sample.  However, Al droplets did exist 
outside the center 1 in. diameter region, near the edge of the sample.  This effect is 
thought to be due to the higher concentration of nitrogen supplied by the plasma source at 
the center 1 in. diameter, since the plasma aperture was also approximately 1 in. in 
diameter before the aperture change, described in Appendix B.  Therefore, these samples 
with droplets only on the edge are thought to be representative of the N-rich or 
intermediate regime.  Furthermore, the smaller 1 cm square samples were used to verify 
the various observations of the study were not a result of nonuniformity on the larger 2 
in. substrates.  Unless otherwise noted, the results from the smaller 1 cm square samples 
reflected those from the larger 2 in. samples. 
RHEED intensity and DMS [124] responses to shutter transitions were recorded 
at the cell temperatures.  The nitrogen plasma was constantly exposed to the substrate 
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during the length of the experiments, while the Al shutter was opened and closed.  To 
rule out any possible run to run variations, particularly substrate temperature variations, a 
single test sample was used to characterize RHEED intensity and DMS responses at these 
four Al cell temperatures after the individual bulk growths, to correlate surface 
characteristics with the RHEED signatures.   
Figure 27 shows the RHEED intensity responses for Al cell temperatures 
corresponding to samples A, B, C and D, or 1080, 1090, 1095 and 1100° C, respectively, 
exposed to the sample for 30 s each.  Likewise, Figure 28 shows the RHEED intensity 
responses for Al cell temperatures corresponding to those used for samples B, C and D, 
or 1090, 1095 and 1100° C, respectively, exposed to the sample for 3 min each.  The 
second, longer Al cell exposure data were taken to observe any effect of exposure time on 
the delay to RHEED response upon closing the Al shutter for the droplet regime.  The 
time constant of the exponentially decaying RHEED intensity upon Al shutter opening 
was derived by nonlinear least squares fitting for each Al cell temperature in both 
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Figure 27:  RHEED intensity signatures from AlN as a function of time with increasing 
Al flux, bottom to top.  Time constants for each response are shown beside the curve and 
are inversely correlated to Al flux.  Droplets were formed for samples C and D, or Al cell 
temperatures above 1090° C.  Also shown is the two-step response to closing the Al 
shutter for Al cell temperature of 1090° C, denoted as feature α and corresponding to the 
growth condition for sample B.  Lastly, the delay in response grew with flux once in the 
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Figure 28:  RHEED intensity signatures from AlN with a longer shutter open time.  The 
delay time is related to the integrated Al droplet volume on the surface and requires time 
to be consumed into the Al bilayer and/or capped by the nitrogen.  The time constants of 
falling RHEED intensity upon opening the Al shutter are shown again to vary inversely 
with Al flux.  Also shown is a unique RHEED intensity response to accumulated 
droplets, denoted as feature β and response delay dependence on flux and time, shown by 
t1 < t2 < t3 < t4 (color online). 
 
 
5.2 Characteristic RHEED responses to growth regime 
5.2.1 Falling RHEED intensity time constant 
Immediately apparent from Figure 27 is the inverse relationship between the time 
constant of the falling RHEED intensity upon Al shutter opening and the Al cell 
temperature/flux.  This inverse relationship between flux and time constant is consistent 
with the general trend of previous studies [125].    The derived time constants for the 
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short and long shutter transition RHEED tests varied by an average of 0.1 s, less than 3%, 
for each Al flux level.  The time constant is therefore proven repeatable and can thus be 
used as a quantitative measure between and throughout runs to maintain consistent 
growth conditions by adjusting flux to maintain time constant values. Furthermore, since 
the quantitative metric of growth condition found from the time constant depends only on 
incoming minus desorbed flux (or net flux), it is not affected by emissivity or substrate 
temperature changes, as are other optical growth characterization techniques. 
Lastly, the time constants were plotted on an Arrhenius plot with the flux 
measurements at each Al cell temperature used, and the data is shown in Figure 29.  The 
activation energy for the time constant series was -11.68 eV, while the activation energy 
of the Al flux from the effusion cell was 2.93 eV.   
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Figure 29: Arrhenius plot of flux and time constant for each Al cell temperature used in 
Figure 27, with activation energy shown for each series (color online). 
 
 
5.2.2 Falling RHEED intensity oscillations 
Also observed in Figure 27 and Figure 28 is an initial RHEED intensity increase 
for all samples, which may be a partial oscillation.  The feature is small for sample A and 
much more apparent in Figure 27 than in Figure 28 since it lasts only for 1 − 2 s, but 
exists in both figures.  It is also important to note that the time constant derivations, 
discussed previously, were done after the effects of these features were subdued and thus 
an exponential curve could be fitted to the data.  Although other studies have 
demonstrated sustained growth RHEED oscillations with AlN [123, 126], those growths 
had lower substrate temperature and lower Al fluxes.  However, since AlN film quality 
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has been shown to decrease with substrate temperature [35], even the unique partial 
oscillations at the elevated temperatures are useful for characterizing growth regime. 
Furthermore, for samples C and D, or Al cell temperatures above 1090° C, the 
partial oscillation feature develops into a full oscillation, but only for one period before 
the evanescent intensity is overcome and decreases dramatically.  The period of this full 
oscillation is between 1.7 and 2.1 s and could be indicative of AlN growth or Al bilayer 
buildup.  If the oscillation is evidence of AlN growth, the growth rate can be calculated 
by assuming that the period of oscillation is the time taken to grow a monolayer of AlN.  
Using half the height of a single unit cell of AlN, ½ (4.98 [127]) Å , over the period of 
oscillation, the growth rate was estimated  to be 0.53 − 0.43 μm/h, which is slightly 
higher than the approximate actual 0.3 μm/h growth rate, as determined by SIMS and 
profilometry, as detailed in Appendix D.  These RHEED oscillations may slightly 
overestimate the actual steady-state growth rate because of the effects of long time range 
effusion cell cooling and subsequent flux reductions upon opening of the cell shutter.  
Alternatively, the oscillation-like signature could be indicative of the Al bilayer buildup, 
which would allow the determination of the rate of bilayer formation.  Since the bilayer is 
made up of approximately two to three monolayers of metal atoms [51] and a full 
RHEED growth oscillation indicates the formation of one monolayer, the bilayer should 
be completely formed in two to three times the period of oscillation.  For these 
experiments, with oscillation periods ranging from 1.7 to 2.1 s, this assumption would 
suggest approximately 3.4 − 8.4 s for bilayer buildup for the given growth conditions.  
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5.2.3 Rising RHEED intensity delay and oscillations 
More information can be derived by observing the RHEED intensity response to 
the Al shutter closing, providing an indicator of growth regime, since it depends only on 
desorption of Al from the sample.  There exist clear regime distinctions in Figure 27 and 
Figure 28 for Al shutter closing.  For sample A, with the most N-rich conditions, there is 
an immediate and nearly constant rate of rise in the RHEED intensity upon Al shutter 
closing.  Conversely, for samples C and D in the droplet regime, there was a delay in the 
RHEED intensity response, dependent upon the Al cell temperature/flux.  Finally, for 
sample B, the growth in the intermediate regime, there was a combination of the two 
responses.  Initially, there was an immediate and constant rate of rise for the RHEED 
intensity; but before reaching steady-state intensity there was a slight delay at an 
intermediate stable intensity.  The resulting response has a two-step appearance and is 
labeled as α in Figure 27.  The feature is barely visible in Figure 28 for the same Al cell 
temperature because of the feature’s brevity and the scale of the graph.  Possible causes 
of feature α include oscillations from growth of AlN as the Al bilayer is consumed, 
oscillations from the Al bilayer as it is depleted [53], or an aggregate effect of the 
RHEED beam sampling a region larger than the droplet-free inner diameter of the 
sample.  This final possibility may cause feature α in the RHEED response as a result of 
the combined sampling of regions with Al droplets and regions without Al droplets and 
therefore a combination of the more N-rich and droplet responses.  This possibility is 
important because it allows the ability to predict problems with flux uniformity and also 
gives clues as to the diameter of the droplet-free region in the center of the sample.  In an 
attempt to discern the likelihood of this interpretation, growths were repeated on the 1 cm 
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samples with identical results.  However, while the smaller 1 cm samples exhibited this 
behavior, they too could suffer from nonuniformity on a much smaller scale as edges are 
typically cooler than centers. 
The correlation between the RHEED intensity delay and Al-rich conditions in the 
droplet regime is a result of droplet buildup that must be desorbed or consumed by AlN 
growth before the RHEED intensity can recover and increase.  Supporting this 
correlation, the delay in response is consistently increased for higher Al cell 
temperatures/flux and/or longer exposure times, i.e., t1 < t2 < t3 < t4, as shown by Table 3. 
For longer periods of delay, as those shown in Figure 28, a slow, long-range RHEED 
intensity rise is observed for droplet conditions immediately upon closing the Al shutter.  
These features are labeled as β and are dwarfed by a dominant RHEED intensity rise after 
the aforementioned delay.  Interpretation of feature β is unknown at this time, but could 
also be a result of nonuniformity due to the RHEED beam sampling a large surface area, 
as it did not appear in the smaller 1 cm square samples. 
 
 
Table 3: Relationship between the RHEED intensity delay time to increasing flux and 
increasing exposure time.  RHEED intensity delay time is denoted as ti, where i 
corresponds to the appropriate flux/temperature and exposure time parameters.  
Percentage increase in flux and exposure time is not correlated with the increase in the 
RHEED intensity delay. 
   
Exposure Time (s) Increase (%)
 
Flux (Torr, BEP) Temperature (° C) 30 180 200.00 
 
2.63 × 10-7 1095 t1 = 6.3 t2 = 23 265.08 
 
2.89 × 10-7 1100 t3 = 9.9 t4 = 44 344.44 
Increase 






5.3 III-nitride mass balance analysis 
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where J is the impingent flux, K is the incorporation or growth rate, ci is the effective 
surface concentration, Di is the desorption rate, 1 represents the adsorbed metal atoms, 2 
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where Do is a constant, Edi is the activation energy for desorption, k is Boltzmann’s 
constant, and Ts is the substrate temperature.  When N-rich or metal-rich before the 
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metal-rich ( 1JJ ≥ ), where 
 ( )( )111 DKcJ +∞= . (19) 
The multiple of 3 represents about 95% coverage of the metal adatoms before the buildup 
of the metal bilayer begins.  In the intermediate regime, the surface metal concentration 
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c1 is full or saturated, c1( ∞) becomes a constant and dc1/dt becomes zero.  Therefore, 
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 for the droplet regime ( 2JJ ≥ ), where 
 ( ) 1222 JDcJ +∞= . (22) 
The 2.5 multiple for the upper time limit in the droplet represents the approximately 2.5 
layers of metal creating the bilayer [48-51]. 
Finally, in the droplet regime, the bilayer is completely built, the bilayer concentration is 
full or saturation, c2(∞) becomes a constant and dc2/dt is zero.  Therefore, equation 15 
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Assuming the exponential decay of the RHEED intensity transient reflects the 
exponential increase in surface metal concentration, the extracted time constant of each 





=τ . (25) 
Therefore, the time to build one nearly complete layer of metal can be estimated by 3τ.  
Furthermore, the time to build up a bilayer of metal can be estimated by (2.5)(3τ), and 
any time greater than this should result in droplets. 
This analysis was applied to the observed RHEED data for the 30 second shutter 
opening tests with droplets.  The time constants these two signals was 2.6 and 3.5 
seconds.  Therefore, it should take 7.8 and 10.5 seconds to form a nearly complete layer 
of metal.  The bilayer should completely form within approximately 19.5 and 26.25 
seconds.  The extra 10.5 and 3.75 seconds with the metal shutter opened after this bilayer 
buildup time will contribute to droplets, and the subsequent delay of RHEED intensity 
response upon shutter opening confirms this.  While the delays of 9.9 and 6.3 upon 
shutter closing do not exactly match that of the extra time with the metal shutter open, the 
full mass balance model must be used to explain this discrepancy.   
For the intermediate case the time constant was 7.1 seconds, so the time to form a 
nearly complete layer of metal should be 21.3.  The approximate time needed to form a 
complete metal bilayer is 53.25 seconds, which was longer than the shutter open time, 
thus no complete metal bilayer was able to form, and since there were no droplets 
formed, there was an immediate RHEED intensity response upon shutter closing.  
Finally, for the most N-rich case, the time constant was 10.6 seconds, meaning the shutter 
opening time was not long enough for a complete metal layer to form, which would take 
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31.8 seconds.  Since the most N-rich case did not build any excess metal on the surface, 
there was no delay in the RHEED intensity response upon shutter opening. 
5.4 Nitride MBE growth kinetics model 
DMS of mass 27, nominally that of Al, was recorded during the longer Al 
RHEED tests in an attempt to measure the desorbed Al from the sample and the results 
are shown in Figure 30.  However, instead of mass 27 rising upon the Al shutter opening 
as expected, it exhibits an initial peak, followed by a steep decline to a value below the 
initial level.  Likewise, when the Al shutter is closed, mass 27 initially declines, but then 
rises quickly back to the initial level, making the steady-state value of mass 27 actually 
higher when the Al shutter is closed.  This seemingly contradicting behavior has been 
previously observed with DMS of aluminum gallium arsenide (AlGaAs) [128] and is 
actually a result of the shoulder of the large N2 peak at mass 28.  Therefore, the mass 27 
signal is a better measure of desorbed nitrogen than of desorbed Al.    As a result of the 
high pressure of N2 in the system during growth, the peak for N2 at mass 28 was beyond 
the upper limit of detection for the mass quadrupole and therefore comparison to the 
behavior of mass 27 was not possible.  However, atomic nitrogen at mass 14 was 
monitored and found to closely match mass 27, as seen in Figure 31.  To rule out the 
possibility of this effect being outgassing from components in the chamber, a mass 
spectrum was obtained and a peak unrelated to AlN, mass 40 of argon (Ar), was 
monitored during the shutter transition.  As shown in Figure 31, mass 40 was found to be 
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Figure 30:  DMS signal showing response of mass 27 to Al shutter opening and closing.  
Time constants are shown for each transition and are positively correlated to the Al cell 






Figure 31: DMS data for masses 27, 14 and 40, showing the effect on nitrogen upon 
shutter transition.  Mass 27 is shown in lieu of mass 28, since the peak for N2 was 
beyond the upper limit of the mass quadrupole.  Mass 40 for Ar is included to show that 
the effect is not due to outgassing.  Also shown are cartoons representing the different 
theoretical stages of the AlN surface, resulting in the observed DMS signal (color online). 
 
 
In the case of DMS of AlGaAs [128], this behavior was observed for desorbed Ga 
when growing GaAs, upon opening and closing the Al shutter to begin and end AlGaAs.  
It was theorized that this response was a result of a cation-cation exchange process, 
where Al was exchanging or replacing weakly bonded surface Ga atoms upon shutter 
opening, as had been previously been observed [129], thus causing the temporary spike in 
desorbed Ga upon shutter opening.  This theory was later supported by successfully 
modeling the process [130].  The similarity of the results of AlGaAs and AlN suggest a 
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similar process is occurring with AlN.  However, with AlN, this would require a cation-
anion exchange instead of the familiar cation-cation exchange.  This concept of cation-
anion exchange is foreign and revolutionary in the modeling of surface growth kinetics of 
AlN.  Furthermore, because of the similarities between AlN and GaN, this new model 
may also be applicable to GaN growth.   
When AlN is sufficiently thick (greater than 670 Å), it is mostly Al-polar [35] and 
Al-polar material is Al-terminated in vacuum [39].  The AlN in this experiment was 
thicker than 670 Å, thus making it mostly Al-polar material.  With the Al shutter closed, 
the static AlN surface is exposed only to the nitrogen plasma, causing weakly adsorbed 
nitrogen to terminate the Al-polar surface.  This condition is illustrated by the cartoon 
and region “A” in Figure 31.  Upon opening of the Al shutter, the Al atoms exchange 
with or replace the weakly adsorbed N atoms to form the Al bilayer [131], therefore 
desorbing additional N, along with the impingent nitrogen atoms for a short time.  This 
exchange process results in a temporary spike in desorption of nitrogen from the sample, 
illustrated by the cartoon and region “B” in Figure 31.   Once the top layer of nitrogen is 
exchanged or replaced and steady-state is reached with the Al shutter open growth 
proceeds by consuming the Al bilayer, which is constantly being rebuilt by the impingent 
Al flux.  In this state, more nitrogen is consumed and less is desorbed from the surface 
than with static AlN when the Al shutter closed, since growth is taking place.  This 
behavior is illustrated by the cartoon and region “C” of Figure 31.  Upon closing the Al 
shutter, the Al bilayer is consumed by growth of AlN with the impingent nitrogen.  
However, weakly adsorbed nitrogen layer is reestablished, consuming even more 
 
79 
nitrogen and resulting in a brief dip in the desorbed nitrogen signal.  This behavior is 
illustrated by the cartoon and region “D” of Figure 31.   
5.5 Summary 
In situ determination of the growth regime in both AlN and GaN is critical for 
maintaining consistency between and throughout growth runs.  Specific RHEED intensity 
responses to the metal source shutter transitions have been observed that appear to be a 
good indicator for specific growth regimes.  First, the RHEED intensity decrease upon Al 
shutter opening was found to be inversely correlated to the Al cell temperature/flux.  
Second, a spike in RHEED intensity was observed for intermediate Al-rich conditions 
and an oscillation was observed for Al-rich droplet regime conditions.  Third, the 
RHEED intensity responded differently for Al-rich droplet regime versus the Al-rich 
intermediate regime upon Al shutter closing.  Of the observed features, only growth 
oscillations have been previously reported for either AlN or GaN [122, 123, 126], making 
this the first demonstration of the three unique features described above.  DMS data were 
observed during Al shutter transitions and resulted in a new surface kinetics model 
proposed for III-Nitrides that exhibit a bilayer.  This new model proposes a cation-anion 
exchange initially upon metal shutter opening, similar to previously observed cation-
cation exchange processes, and shows preferential buildup of the metal bilayer before 
growth.  Together, these observed characteristics offer a set of tools available to 
quantitatively characterize the growth regime in situ and provide data for the realization 
of a closed-loop III-nitride growth control system.   
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CHAPTER 6:  FILM IMPROVEMENT AND STANDARDIZATION WITH MME 
With these quantitative, objective and in situ analysis techniques, the ability to 
repeat and maintain growth regime conditions is possible, including growth in the 
intermediate regime, resulting in smooth material [48-51].  Extending the idea further, by 
modulating the metal source shutter under normal droplet regime conditions, thus 
oscillating around the barrier between intermediate and droplet regimes, growth in the 
intermediate regime near the droplet regime is possible, further improving material 
quality.  This technique is called metal modulation epitaxy (MME).  A similar growth 
technique was introduced in 1987 for GaAs/AlGaAs, called migration enhanced epitaxy 
(MEE) [132].  However, with MEE, the anion (As) shutter and cation (Ga and Al) 
shutters were opened exclusively with an alternating pattern.  Because the cation atoms 
are reactive with anion atoms, the cation atoms had a longer surface diffusion length in 
the absence of the anion.  The effect was enhanced migration for the cation atoms and 
improved material quality from better epitaxial self-organization.  A modulated growth 
technique was also recently demonstrated for improved intrarun uniformity of GaN [133].  
However, it would be useful to observe any surface morphology improvements as a result 
of enhanced migration using a modulated growth technique with the knowledge gained 
from the in situ analysis technique.  While these experiments were done with AlN for 
buffer layer standardization, the same technique can be applied to GaN, since both 





6.1 Growth and characterization conditions 
Sapphire substrates were prepared for growth according to Appendix A.  For 
these experiments the plasma was operated at 0.35 sccm before the aperture change, 
described in Appendix B.  Following nitridation, the substrate temperature was raised to 
800° C for the AlN experiments.  First, two AlN samples, (a) and (b), were grown for an 
h each, below and above the droplet regime barrier, close in flux and without shutter 
modulation.  Sample (a) was grown without modulation below the droplet barrier with an 
Al flux of 1.14 × 10-7 Torr, BEP and exhibited no droplets.  Sample (b) was grown 
without modulation above the droplet barrier with an Al flux of 1.39 × 10-7 Torr, BEP 
and exhibited droplets.   These two samples served as control samples for comparison to 
the MME experiments.  Then, samples (c)−(e) were grown for an h each with the MME 
growth technique at increasing Al flux, beginning with the Al flux resulting in droplets 
for the unmodulated growth (sample b) and increasing up to where droplets were formed 
again.  Using the results from the previous RHEED AlN transient experiment [25], the 
appropriate period was chosen for a 50% duty cycle of the MME technique, with 10 s of 
Al shutter open and 10 s of Al shutter closed.  In Figure 27, most of the RHEED 
transients reach a steady-state after 10 s [25].  Sample (c) was grown using MME and the 
same growth conditions that yielded droplets in the unmodulated growth of sample (b), 
but resulted in no droplets.  A subsequent MME growth, sample (d), was done with the 
identical conditions, but with a nearly 19% increase in Al flux to 1.69 × 10-7 Torr, BEP, 
but also resulted in no droplets.  Finally, the Al flux was increased to nearly 47% higher 
than the original unmodulated droplet-regime flux to 2.04 × 10-7 Torr, BEP for sample (e) 
and droplets were formed with MME.  RHEED intensity changes were recorded during 
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the growths, and data are shown in Figure 32 and Figure 33, which are representative of 
the entire growths.  The characteristics of the MME grown samples were then compared 
to those of the unmodulated samples with 2 × 2 µm2 scan area AFM, as outlined in 
appendix D.2, to correlate surface morphology characteristics, as shown in Figure 34.  In 
the case of samples with droplets, AFM was done in areas to avoid drops on the surface.  
X-ray diffraction (XRD) was also done on the samples, as outlined in appendix D.3, for 
crystallography comparison and SIMS was done to determine the growth rate for each 
sample.  Table 4 summarizes the results of the characterization techniques. 
 
Table 4: Comparison of 50% MME and unmodulated growth techniques and 
characterization results. 
Technique Unmodulated 
50% metal modulated epitaxy 
(MME) 
Sample (a) (b) (c) (d) (e) 
Al flux (Torr, BEP) 1.1 × 10-7 1.4 × 10-7 1.4 × 10-7 1.7 × 10-7 2.0 × 10-7
Droplets? No Yes No No Yes 
Growth rate (μm/hr) 0.26 0.22 0.12 0.14 0.41 
XRD 002 FWHM  
(arcsec) 64.8 26.28 24.12 16.2 26.64 
XRD 102 FWHM  
(arcsec) 970 1818 1306 1057 1450 
AFM  rms  roughness 
(nm) 6.9 0.62 3.6 3.8 1.7 
Average grain size  
(nm) 37.6 409 87.9 205 238 
Grain size std. dev.  



































 (c) No Droplets 
(1.39E-7 Torr, BEP)
 (d) No Droplets 
(1.69E-7 Torr, BEP)
 
Figure 32: Normalized RHEED intensity response for shutter opening and closing during 
modulated growths of droplet-free MME samples (c) and (d).  [Note: samples (a−d) were 
the unmodulated growths, not shown and sample (e) is shown in Figure 33.]  Both plots 
exhibited three features:  (Φ) an oscillation feature upon shutter opening, (φ) a shoulder 
peak attached to Φ and (α) an oscillation feature upon shutter closing/bilayer 






Figure 33: Normalized RHEED intensity response for shutter opening and closing during 
the MME growth of sample (e).  This plot also exhibited the three features as seen in 
Figure 32: (Φ) the oscillation feature upon shutter opening, (φ) the shoulder peak attached 
to Φ and (α) the oscillation feature upon shutter closing/bilayer consumption.  
Additionally, the intensity response delay associated with droplet buildup is seen for this 
sample (color online). 
 
 
6.2 RHEED intensity analysis 
Figure 32 shows the RHEED intensity response to MME for samples (c) and (d) 
while Figure 33 shows the same for sample (e).  Since the RHEED intensity depends on 
many factors, such as RHEED filament current and voltage, camera exposure time and 
aperture opening and screen coating, the RHEED intensity was normalized for each 
sample to allow shape comparison.  The Al shutter was opened at t = 0 and closed at t = 
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10 s in the figures.  Upon shutter opening, all three samples showed the oscillation 
feature, indicative of the droplet regime, first demonstrated in Figure 27 and denoted by 
Φ, but with the intensity of the feature increasing with Al flux.  There was also a slower 
oscillation feature, φ, creating a shoulder for each primary feature, Φ.  The origin of this 
slower feature is unknown at this time, but was also correlated with the Al flux.  The 
feature φ was most independent of Φ for lower Al flux, forming a second peak with 
greater intensity than the primary peak for the lowest Al flux and was nearly 
indistinguishable from the primary peak for the sample with the highest Al flux.  All 
three samples also had an oscillation feature upon shutter closing, or more specifically 
upon bilayer consumption as has been seen for GaN previously [53] and recently for AlN 
[25].  While no intensity trends were observed to correlate with Al flux, the sample with 
droplets had this feature time delayed compared to samples that showed no droplets.  
This delay, shown as tdelay in the figure, depends on Al dose [25] and is a result of excess 
metal buildup on the sample surface, which is being consumed during the delay.   
6.3 Sample morphology analysis 
Figure 34 shows the AFM images of the comparative study of MME and 
unmodulated growth of GaN.  Samples (a) and (b) were the unmodulated growths, with 
(a) grown below the droplet regime barrier and (b) above the droplet regime barrier.  
Sample (c) was grown with the same conditions as sample (b), but with MME as 
described previously.  Sample (d) was a MME growth with the same growth conditions, 
but 18.78% more Al flux and still resulted in no droplets with essentially the same 
roughness.  The results for samples c and d indicate a widening of the Al flux range 
required to obtain intermediate regime morphology results, compared to unmodulated 
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growth.  Sample (e) was a MME growth with the same growth conditions, but with 
46.54% more Al flux than the original unmodulated growth with droplets and had 
droplets at the end of the growth.  The smoothest morphology came from the 
unmodulated sample in the droplet regime (0.622 nm root mean square (rms)), while the 
roughest came from the unmodulated sample grown below the droplet regime barrier 
(6.92 nm rms).  However, using MME, the droplet-free samples had a greatly improved 
surface roughness over the unmodulated droplet-free sample, the lowest being 3.6 nm 
rms, or nearly half of the original droplet-free sample.  This result shows how the MME 
technique expands the flux range resulting in intermediate regime morphologies, without 
the need to increase the substrate temperature.  Because the fluxes used for the MME 
technique exceeded the unmodulated droplet barrier, it is thought that a complete bilayer 
is quickly formed upon shutter opening, with any excess Al accumulating in microscopic 
Al droplets.  Furthermore, during the closed portion of the cycle, any excess Al in the 
form of droplets acts as a reservoir, feeding Al back to the bilayer and thus maintaining 
stable growth.  Therefore, the MME technique is beneficial because Al surface migration 
is increased with increased Al flux and high substrate temperatures.  Moreover, the 
improvement in roughness was not correlated to a decrease in thickness since the 
smoothest MME sample was also the thickest. 
Grain size growth with Al flux can also be clearly seen with MME samples (d−e).  
While the unmodulated samples had average grain sizes of 37.6 nm below the droplet 
regime and 408.7 nm above the droplet regime, the droplet-free modulated samples had 
increasing average grain sizes from 87.9 to 205.4 nm and the MME sample with droplets 
had a larger average grain size of 237.7 nm.  For droplet-free samples, the MME 
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technique yielded grains 2.3−5.4 times the size of the unmodulated sample.  Table 4 and 
Figure 35 show a summary of the modulated growth experiment.  These AFM results 




Figure 34: AFM images of AlN with rms roughness showing correlation with modulated 
and unmodulated growth techniques.  Droplet regime scans were done in droplet-free 
areas (between droplets).  Grain size increases with increasing Al flux for the modulated 





























































Figure 35: Plots of data summarized in Table 4 showing improved quality for MME.  
Droplet-free conditions were extended up to 6 × 10-7 Torr using MME while improving 
roughness and grain size.  Symbols with “D” indicate droplet conditions (color online). 
 
 
6.4 MME compared to other techniques 
With standard stochiometric growth, the cations impingent on the surface quickly 
react with the abundant anions and create small, isolated and immobile islands, resulting 
in a rough, three-dimensional growth.  MEE was developed to increase surface mobility 
of metal atoms for low-temperature growth of GaAs or AlGaAs by exclusively opening 
either the cation (metal) or anion (As) source shutters [134].  Therefore, in the absence of 
the anion, the cations are free to find the lowest energy position for a layer-by-layer or 
two-dimensional growth.  Alternatively, MME does not modulate the anion shutter but 
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does modulate the cation shutter.  However, for MME, the flux for the cation is much 
higher than the anion for increased migration length of cations as a result of excessive Al-
rich growth conditions, as with MEE.  The increased migration length explains the 
improvement in roughness and grain size observed with MME.  Furthermore, while there 
is a decreased growth rate with MEE as a result of exclusive source shuttering, MME 
should not suffer from a decreased growth rate as badly since growth still occurs after the 
metal shutter is closed by depleting the bilayer.  Nevertheless, MEE has been 
successfully used with GaN [135], AlN [136] and InN [137].   
6.5 Summary 
The in situ growth regime characterization technique described previously [25] 
provides the ability to determine and control growth regime.  With this ability, a shutter 
modulation technique called metal modulated epitaxy (MME) was used to move the 
growth conditions in the intermediate regime close to the droplet-regime barrier and 
enhance lateral growth, leading to improved surface morphology and wider growth 
window of conditions resulting in intermediate morphologies for more reproducible 
results.  For droplet-free growth, the rms roughness was reduced to half the original 
value, from 6.92−3.29 nm, by using the modulation technique.  Furthermore, the grain 
size of droplet-free growth grew by as much as 245%, from 150−520 nm.   
 
90 
CHAPTER 7:  SMART SHUTTERING: CLOSED-LOOP SHUTTER AUTOMATION 
WITH REAL-TIME FEEDBACK 
Unintentional changes in growth condition can come from various sources in 
MBE, including inaccurate temperature measurements from varying thermocouple and 
pyrometer readings, and changing flux from varying effusion cell thermodynamics and 
changing plasma characteristics.  Thermocouple and pyrometer measurements are not 
exact and may vary from growth to growth, resulting in inaccurate measurements of 
substrate temperature.  For a thermocouple, the temperature variations may depend on the 
amount of contact, or distance from the substrate.  For a pyrometer, temperature 
variations may depend on vacuum interface changes caused by buildup on a window, or 
sample emissivity changes caused by a changing film.  Furthermore, there may be 
differences in the thickness of the backside metal coating of samples, with some samples 
exhibiting pinholes through the metal and resulting in a higher observed pyrometer 
temperature and a lower observed thermocouple temperature, both due to heat loss 
through the sample.  Any case of an inaccurate temperature measurement can cause 
temperature controllers to unnecessarily compensate accordingly, leading to unstable and 
unreliable growth conditions.   
Effusion cell flux can change as a result of changing thermodynamics.  For 
example, when a shutter covers an effusion cell, it acts as a thermal reflector or insulator 
for the cell.  However, when the shutter is opened and this thermal reflector is removed, 
the cell power requirements are changed, resulting in flux transitions that take a few 
seconds to stabilize.  Other changes in system thermodynamics can cause similar flux 
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variations not only in the daily initial measured flux compared to the growth flux, but 
also in the intra-run and inter-run growth flux.  Plasma flux can also change as a result of 
slight variations in molecular nitrogen flow, input plasma power and plasma efficiency.  
All of these plasma characteristics are subject to changes between and within runs, 
especially changes in plasma efficiency over time with PBN break down causing 
conduction through the residual boron. 
Sophisticated growth control, such as a closed-loop control system, has largely 
eluded epitaxial growth systems.  However, a closed-loop control system allows faster 
response to inputs, better disturbance and internal variation rejection, better tracking of 
input signal, lower sensitivity to system parameter errors, and lower sensitivity to 
changes in calibration errors [138].  Therefore, a closed-loop growth control system can 
be used to overcome the unintentional growth condition changes listed above.  However, 
this increased performance comes with the tradeoff of increased cost and complexity, but 
a closed-loop control system is vital for MBE systems to be established as a more reliable 
growth process.  Thus, it would be beneficial to exploit characteristics of the previously 
observed RHEED transients [25] to implement a low-cost and low-complexity closed-
loop control system for MBE materials growth by automating the shutter modulations to 
make MBE more robust. 
  However, until recently, the RHEED data was limited to a narrow range of 
intensity because of camera detection limits.  Most monochrome CCD cameras use 8 to 
10 bits of data to represent the brightness of each pixel.  Even with newer digital cameras 
with up to 12 bit resolution, the dynamic range between the darkest and brightest pixel is 
only 72 dB [139], compared to the human eye with a range of approximately 200 dB 
 
92 
[140], which is used for the qualitative control discussed in Chapter 5.  The RHEED 
intensity range is often greater than 72 dB and the cameras are unable to detect changes.  
Recent advances in vision technology have resulted in digital cameras with a higher 
dynamic range of sensitivity, using up to 22 bits of information per pixel and a scaling 
exposure scheme to process images with a dynamic range of up to 132 dB [139].  Figure 
36 shows a comparison between conventional camera images and an image from a high 
dynamic range (HDR) camera.  The Basler A601f-HDR was used to overcome the 
intensity range limitation and to record RHEED intensity transient data which a computer 
program used to make adjustments to the shutter state, based on the growth 
characterization in Chapter 5 and implementation technique in Chapter 6 [24-27].  Since 
no software drivers were available for this new camera, custom drivers had to be 
implemented.  Details of interfacing the A601f-HDR are given in Appendix E. 
 
 
Figure 36: Left: Conventional underexposed image; Middle: Conventional overexposed 
image; Right: 22-bit high dynamic range camera image  [139]. 
 
 
7.1 Smart shuttering approach 
Though the duty cycle of the shutter modulation for the previous MME 
experiment was kept constant at 50%, it is also possible to use the RHEED growth 
regime characterization technique to determine the optimal duty cycle that may result in 
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smoother materials.  Improvements to the MME technique are achieved through 
computer controlled shutter transitions based on feedback from RHEED transients [25], 
thus creating a closed-loop control system for MBE, the first of its kind.  This new real-
time closed-loop growth-feedback system is called “smart shuttering”, and is an 
extension of the MME growth technique.  “Smart shuttering” describes the ability to 
optimize the time of shutter opening and closing in attempt to precisely time the buildup 
and depletion of excess metal by limiting the time of steady-state RHEED intensity to a 
minimum [48-51], instead of implementing a fixed period and duty cycle, as before.  This 
allows the efficient buildup and depletion of the metal bilayer, which should improve 
surface morphology and growth rate compared to the standard MME technique.   
The optimization of the period and duty cycle of the MME growth technique was 
expected to achieve the following: increased growth rate compared to the fixed duty 
cycle MME technique, increased sample uniformity, increased repeatability, and 
improved surface morphology.  Increased growth rate should be achieved by minimizing 
the time the film is not growing when the metal shutter is closed and no metal bilayer 
exists.  Increased sample uniformity has already been proven using a similar technique by 
Poblenz, and is achieved by keeping the entire sample surface in the metal-rich regime 
when flooding the surface with a high metal flux [133].  However, further improvements 
to uniformity may be possible by using an even higher metal flux.  Increased repeatability 
between growths should be achieved by expanding the intermediate regime growth 
conditions, as demonstrated with fixed-modulation MME [26, 27].  Improved surface 
morphology should be achieved by growing with droplet-regime conditions, but without 
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accumulating droplets, also as demonstrated with fixed-modulation MME [26, 27, 52, 
54].   
7.2 Growth and characterization conditions 
To test these hypotheses, sapphire samples were prepared according to Appendix 
A, and GaN films were grown with both fixed-modulation MME, and smart shuttering 
MME.  The substrate temperature was 550° C, and the Ga cell temperature was 990° C 
(5.82×10-7 Torr, BEP) for both growths.  The nitrogen plasma source flow rate was kept 
constant at 1.3 sccm for both growths as well, according to Appendix B.  Results were 
then analyzed using AFM and profilometry measurements, as outlined in Appendix D, 
and compared to previously grown unmodulated growths that did not exhibit droplets, but 
used Ga fluxes from 2.8×10-7 – 3.4×10-7 Torr, BEP. 
7.3 Parameters of smart shuttering 
The intelligence of smart shuttering comes from the ability to determine when a 
RHEED transient has reached steady-state, upon which a shutter transition is triggered.  
Figure 32 shows the RHEED transients for the fixed-modulation MME of AlN.  The 
RHEED transient for sample (d) reaches steady state at about 8 seconds after shutter 
opening, and about 4 seconds after shutter closing. While the extra 2 seconds of shutter 
opening may be beneficial for a smoother surface, the extra 6 seconds of shutter closing 
only limits the growth rate, and exposes the surface to active nitrogen without a group III 
metal source available for growth, which may roughen the surface.  On the other had, the 
transient in Figure 33 never reaches steady state with the metal shutter closed, and 
droplets remained on the surface of the sample after growth.  Therefore, an algorithm was 
 
95 
needed to determine when the RHEED transient has reached steady state after an 
intensity transition in order to initiate a shutter transition. 
A sliding-time window of samples from the RHEED intensity transient can be 
used to determine characteristics of the signal in real-time.  However, due to the 
complexity of the RHEED responses [25], more than one characteristic of the transient 
must be monitored.  For example, a simple and fast linear fit to the sliding time-window 
of samples gives the real-time slope of the signal.  However, if the transient exhibits an 
oscillation which is fully contained within the sliding time-window, the extracted slope 
may be near zero, which would be a false indication of a steady state transient.  
Therefore, in addition to the slope, the standard deviation of the signal was also 
monitored.  In this particular case, the RHEED intensity noise increased with the signal 
amplitude, and the higher intensity data was nosier than the lower intensity data.  
Therefore, the standard deviation was divided by the sample mean and the resulting value 
was used for the second monitored transient signal characteristic.   
During growth, these two real-time signal characteristic values were compared to 
fixed values to determine if the signal was transient or in steady state.  If the real-time 
value was above the limit, the signal was considered to be in transition, but if the real-
time value was below the limit, the signal was considered to be in steady state.  Shutter 
transitions were triggered when the signal changed from transient to steady state.  
Increased stability was achieved by defining different fixed-value limits of slope and 
standard deviation for the shutter open case and the shutter closed case.  Further stability 
was achieved by also defining different fixed-value limits for the turning off and on of 
the transient condition.  For example, a slope of -200 may be required to turn on the 
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transient condition while the shutter is opened, but a slope of -5 may be required to turn 
the transient condition off (indicating steady state).  Likewise, a slope of 500 may be 
required to turn on the transient condition while the shutter is closed, but a slope of 200 
may be required to turn the transient condition off (indicating steady state).   
Smart-shuttering MME is therefore accomplished by determining what values of 
slope and standard deviation should be used to define the transient condition.  More 
aggressive smart-shuttering MME uses conditional parameter values that result in a 
higher shutter open to shutter closed time ratio.  Figure 37 compares representative 
RHEED intensity transients for fixed-modulation MME, standard smart-shuttering MME, 
more aggressive smart-shuttering MME, and most aggressive smart-shuttering MME.  
Table 5 lists the parameters used for each of the MME techniques.  The results of the 
normal smart-shuttering MME are very similar to the fixed-modulation MME, with only 
an increase to 1.06 for the ratio of shutter open to shutter closed time.  The more 
aggressive smart-shuttering MME used stricter conditions for closing the shutter once 
opened, and allowed the shutter to be opened much easier upon closing.  This resulted in 
a shutter open to closed time ratio of approximately 1.53, a significant improvement over 
the standard smart-shuttering MME.  Finally, the most aggressive smart-shuttering used 
even stricter criteria for closing the shutter once opened, and much easier conditions for 
opening the shutter upon closing.  To accomplish this second behavior, a higher slope and 
standard deviation value was used to turn off the transient condition once it was on when 
the shutter was closed, as shown in Table 5.  This resulted in an instantaneous shutter 
opening once the transient condition was met.  The resulting shutter open to closed time 
ratio was over 3.5 for this method.  However, such aggressive parameters did not allow 
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the excess metal to be consumed from the surface, and thus droplets remained on the 
surface at the end of this growth.  It is also interesting that the intensity levels of the 
aggressive smart-shuttering MME growths were much lower than the others.  However, 
the most aggressive smart-shuttering MME intensity had the lowest intensity and never 
reached the higher intensity level of the less aggressive method.  The intensity signal was 
not allowed to fully recover for the most aggressive smart-shuttering MME growth, and 
therefore never reached steady state or the higher intensity level.  Thus, the moderately 
aggressive smart-shuttering MME parameters were determined to be the best of the 
possibilities tested.   
7.4 Improved growth rate 
The shutter open to closed time ratio is relative to the metal flux, and a better 
measure of effectiveness would be the time spent at steady state with the shutter closed. 
Compared to the fixed-modulation MME, the moderately aggressive smart-shuttering 
MME method had a longer shutter open time, a shorter shutter closed time, and a 
subsequent shorter time at steady state with the shutter closed.  The closed shutter steady 
state time was improved from approximately 6 – 7 seconds, or 60 – 70% of the total time 
the shutter was closed, to approximately 1 – 2 seconds, or 13 – 26% of shutter closed 
time, using smart shuttering.  The additional time gained during shutter opening and 
reduced closed shutter steady state time resulted in an increase in growth rate compared 
to fixed-modulation MME.  According to profilometry measurements, as outlined in 
appendix D.4, the growth rate increased from 0.54 μm per hour with fixed-modulation 
MME, to 0.86 μm per hour with smart-shuttering MME, an increase of nearly 60%, 
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Figure 37: RHEED intensity transient data recorded for fixed-modulated MME (black), 
normal smart-shuttering MME (red), more aggressive smart-shuttering MME (green), 
and most aggressive smart-shuttering MME (blue).   Shutter open times are shown by the 
solid double-arrow lines, and shutter closed times are shown by the dashed double-arrow 























Shutter Open         
Turn on slope limit   -20 -100 -100 
Turn off slope limit    -20 -10 
Turn on SD limit   0.15 20 15 
Turn off SD limit    5 5 
Shutter Closed         
Turn on slope limit   20 1000 50 
Turn off slope limit    1000 1000 
Turn on SD limit   0.2 30 5 
Turn off SD limit    30 100 
Avg. open time (sec) 10 8.5 11.5 12.5 
Avg. closed time (sec) 10 8 7.5 3.5 
Ratio 1 1.06 1.53 3.57 
Droplets? No No No Yes 
 
 
7.5 Automatic growth regime determination 
Additionally, with the increased camera intensity range, exponential curves were 
fit to the falling RHEED intensity upon shutter opening for a real-time definition of the 
current growth regime, based on previous growth results.  The exponential curve fit was 
started upon shutter opening after any oscillations subsided, and ended when the shutter 
was closed.  The time constant of the exponential curve was then compared to historical 
values that define each growth regime, and the growth regime was displayed.  For 
example, if a time constant of 2.6 sec was extracted from the exponential fit, and it is 
known that the droplet-regime barrier exists at an exponential time constant around 4 sec, 
then the program would report that the current growth is taking place in the droplet 
regime since the current time constant is less than 4.  All of the programming was done 
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using National Instruments LabVIEW, with custom written camera interfacing details 




Figure 38: Screen shot of smart shuttering MME program, showing transient indicator 
limit controls, RHEED image, and RHEED intensity response (color online). 
 
 
7.6 Improved surface morphology 
To test the hypotheses of improved surface morphology and improved 
repeatability, AFM measurements were done on the GaN samples according to appendix 
D.2, and are shown in Figure 39.  Table 6 shows the characterization values for the 
samples shown in Figure 39.  Surface rms roughness is decreased using fixed-modulated 
MME, as shown previously [27].  In this case, surface roughness was reduced from an 
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average of 21.2 nm for an unmodulated, droplet-free growth to an average of 6.08 nm for 
fixed-modulated MME growth, or a reduction by a factor of nearly 3.5.  However, grain 
size was not highly affected by the use of fixed-modulation MME with GaN, as it was 
with AlN, and was even reduced in the case of sample (Fb).  This is likely due to grain 
size being determined in the underlying AlN buffer layer and not sensitive to the GaN 
growth conditions.  Nevertheless, this is consistent with the previous observations [27], 
since grain size did not significantly increase until the metal flux was significantly 
increased.  When using smart-shuttering MME, however, the surface rms roughness was 
reduced to an average of 0.825 nm, a factor of 7.4 improvement over fixed-modulation 
MME, and a factor of 25.7 improvement over unmodulated growths.  Furthermore, the 
grain size was significantly increased to an average of 189.5 nm for smart-shuttering 
MME, an average increase of 324 – 346% from the other growth techniques, supporting 
the hypothesis that smart-shuttering MME results in smoother morphologies. 
7.7 Improved repeatability 
Table 6 also shows the percent variation between the characterization values of 
samples grown with each technique.  Due to the open-loop nature of the unmodulated and 
fixed-modulated MME growth techniques, growth rate varied by 21 – 24.5% as a result 
of high sensitivity to slight variations in the growth conditions.  These same growth 
condition changes contributed to large variations in surface rms roughness (17 – 44%) 
and grain size (8 – 39%).  However, using the closed-loop control technique of smart-
shuttering MME, growth rate varied by less than 1%, surface rms roughness varied by 
less than 19%, and grain size varied by less than 1.6%, supporting the hypothesis of 






Figure 39:  AFM images of unmodulated droplet-free samples (Ua, Ub), fixed-modulated 
MME samples (Fa, Fb) and smart-shuttering MME samples (Sa, Sb) with average surface 


































(um/hr.) 0.64 0.52 24.50 0.45 0.54 20.94 0.863 0.855 0.901
AFM rms 
roughness 
(nm) 19.20 23.20 17.24 7.83 4.33 44.70 0.91 0.74 18.68
Average 
grain size 
(nm) 54.00 50.00 8.00 53.00 32.00 39.62 191.00 188.00 1.57
Grain size 
std. dev. 




Smart shuttering has proven to be a low-cost and low-complexity closed-loop 
real-time control system for MBE.  Such a solution is necessary to increase the 
robustness of the epitaxial growth system.  Smart shuttering is low-cost because it mainly 
uses existing MBE components such as RHEED feedback through a camera and 
motorized shutter controllers.  The technique is easily implemented by monitoring two 
characteristics of the RHEED intensity signal: slope and standard deviation, making it a 
low-complexity solution as well.  However, while it may be a low-cost and low-
complexity solution, it yields powerful results.  Significant improvements were observed 
for growth rate, surface roughness and grain size by using the smart-shuttering MME 
growth technique.  Furthermore, these improvements were repeatable within a very low 
percentage compared to open-loop growth techniques.  Future implementations could 
expand this approach to include PID control of the substrate or cell temperature to result 
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in consistent exponential time constants during growth, offering total control of the 
growing film.  The robustness, improvements, low-cost and low-complexity of the 
technique make it an eventual indispensable part of MBE growth, as demand grows for 
MBE to meet requirements in each of these areas. 
 
105 
CHAPTER 8:  SMART-SHUTTERING MME APPLIED TO GAN WITH SI, MG AND 
IN 
Incorporation of electrically active Mg acceptors into GaN or single phase In 
alloys into InGaN is sensitive to growth conditions, including substrate temperature and 
III – V flux ratio [21, 95, 141, 142].  Therefore, when growth conditions unintentionally 
change during growth or between growths, there is a corresponding unintentional change 
in the Mg doping of GaN or In composition of InGaN.  Because of the narrow window of 
growth conditions needed for electrically active Mg-doped GaN, as described in Chapter 
2, much of the problem with growing consistent material lies in growth condition 
variation.  Likewise, inconsistent In composition of InGaN is a result of these same 
varying growth conditions.  However, fixed-modulation MME offers some resistance to 
these variations by assuring growth is taking place in the droplet regime, and small 
variations within a regime should not be as drastic as variations between regimes.  Smart-
shuttering MME goes a step further by adjusting the shutter transitions based on the 
current flux, and is thus even more resistant to growth condition variation, which leads to 
more consistent growths.  Therefore, these improvements should lead to subsequent 
incorporation improvements when growing GaN with Si, Mg and In.  However, the 
shutter modulation technique may affect the way these atoms are incorporated into the 
GaN film, so it is important to experimentally test this hypothesis. 
8.1 GaN with Si 
Although Si-doped GaN is not as sensitive to variations in growth conditions, as 
is Mg or In, it is nonetheless important to determine the affect MME has on Si 
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incorporation. Samples were prepared for growth according to Appendix A.  The 
substrate temperature was set to 550° C, and nitrogen plasma source flow rate was kept 
constant at 1.3 sccm for all growths, according to Appendix B.  The Ga cell temperature 
was set to 990° C (8.71×10-7 Torr, BEP) for the smart-shuttering MME growths.  The 
effects of smart-shuttering MME on Si doping were tested by growing a series of samples 
with the same growth conditions, but the Si effusion cell temperature was increased 
systematically from 1050° C to 1150° C.  Figure 40 shows the results from the electrical 
characterization of Si-doped GaN samples grown with smart-shuttering MME using the 
standard parameters listed in Table 5.  The lowest electron concentration attempted was 
with a Si cell temperature of 1050° C, which was 9.91×1018 cm-3, with a mobility of 
13.15 cm2/Vs, and a resistivity of 0.048 Ω⋅cm.  The highest electron concentration 
achieved was with a Si cell temperature of 1150° C, which was 1.64×1020 cm-3, with a 
mobility of 20.78 cm2/Vs, and a resistivity of 0.0018 Ω⋅cm.  The electron concentrations 
achieved with smart shuttering are approximately an order of magnitude higher than 
previous recent Si-doping calibrations for the same growth system, shown in Figure 41, 
albeit on different substrates [143].  Therefore, it was concluded that smart-shuttering 
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Figure 40: Electrical characteristics of Si-doped GaN using MME for different Si cell 





Figure 41: Electron concentration of Si-doped GaN grown on LGO as a function of Si 
cell temperature for unmodulated growths [143]. 
 
 
8.2 GaN with Mg 
8.2.1 Growth and characterization conditions 
To observe the effects of MME on Mg-doped GaN, step profiles of Mg-doped 
GaN between layers of undoped GaN were grown, similar to that of Figure 24, for 
unmodulated Mg-doped GaN without droplets and smart-shuttering MME.  The substrate 
temperature was set to 550° C, and nitrogen plasma source flow rate was kept constant at 
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1.3 sccm for all growths, according to Appendix B.  The Ga cell temperature was set to 
977° C (4.43×10-7 Torr, BEP) for the unmodulated growth, and to 990° C (8.71×10-7 
Torr, BEP) for the MME growth.  The Mg source with valved thermal tip was used, as 
described in Chapter 3.  The Mg bulk temperature was set to 360° C, and the thermal tip 
was set to 900° C for both growths.  The Mg valve was opened to positions of 20, 40, 60, 
80, and 100 mils for the unmodulated growth, and to positions of 30, 60, 100, 150, 210, 
and 280 mils for the MME growth.  The higher valve positions were used with the MME 
growth in anticipation of a lower Mg incorporation with a higher Ga flux [20].  These 
samples were then analyzed using SIMS according to appendix D.1, and the results are 
shown in Figure 42.  A bulk Mg-doped GaN sample was then grown using MME to 
observe the uniformity of Mg doping with MME.  All growth conditions were the same 
as the MME step-profile growth, with the exception of the Mg bulk temperature, which 
was at 330° C, and the Mg valve position, which was held constant at 100 mils.  The 
SIMS depth profile for this sample is shown in Figure 43.  Finally, a series of step-profile 
Mg-doped GaN samples were grown to narrow down the range of Mg doping that 
resulted in electrically active p-type GaN, according to the process outlined in Chapter 4.  
Then several bulk Mg-doped GaN samples were grown for electrical characterization 
using van der Pauw Hall measurements, as outlined in appendix C.1.  The bulk samples 
that resulted in successful p-type doping used the same growth conditions as the step-
profile MME sample, with the exception of the Mg bulk temperature, which was set to 
290 – 300° C.  The Mg valve position was then adjusted to obtain differing levels of Mg 
doping.   
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8.2.2 Mg step-profile comparison and theoretical analysis 
For sample Mg1 in Figure 42, the Mg saturation limit [29] is exceeded above a 
valve position of 60 mils.  Although it is well known that Mg incorporation decreases 
with increasing Ga flux [21, 95], the Mg saturation limit is exceeded above the same 
valve position for the MME growth (sample Mg2), which has a higher Ga flux.  This may 
be a result of such a small change in Ga flux from sample Mg1 to Mg2.  However, the 
peak concentration at the valve position of 60 mils is very different for the two growths.  
The peak Mg concentration is approximately 1.77×1020 cm-3 for sample Mg1, and 
approximately 7.55×1020 cm-3 for sample Mg2, an increase of over 320%.  The peak 
concentration for Mg2 is approaching 2 atomic percent of GaN.  However, Mg 
incorporation of this order of magnitude has not previously been sustainable throughout a 
film and has only been reported for a short depth [29].  This previous finding was 
supported by the subsequently higher Mg valve positions resulting in eventual lower Mg 
incorporations shown in Chapter 4.  The delta-doping effect of the large Mg 
incorporation peak at valve position 60 could be a result of exceeding the 1.2 monolayer 
limit, causing the depletion of surface Mg through the formation of defects [65].  In that 
case, the defects would have changed the film polarity from Ga-polar to N-polar [66], 
which would cause subsequently lower Mg incorporation [18].   
Furthermore, beyond the Mg saturation limit, both samples tend toward a 
saturated value of approximately 2×1019 cm-3, which has been previously reported for Mg 
doping above the saturation limit [29, 144].  However, the two samples approach the 
saturated value from different directions.  Sample Mg1 drops from 1.77×1019, to 
8.08×1019, to 2.54×1019 cm-3, while sample Mg2 rises from 1.44×1019, to 1.56×1019, to 
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1.91×1019 cm-3.  This difference is thought to be a result of an immediate and complete 
change in polarity for sample Mg2 following the delta-doping of Mg.  Conversely, Mg1 
is not thought to exhibit a complete polarity change after a valve position of 60 mils, but 
instead a gradual polarity change leading to a gradual shifting energy distribution of 
secondary ions [28], which thus leads to a gradual decrease in the measured Mg 
incorporation.  Furthermore, the brief peak to the right of sample Mg2-peaks, at 100 and 
210 mils, could also be a result of the depletion of Mg through defects [65], or could be 
the result of a brief buildup and then blocking of Mg by enhanced GaN growth through 
the Mg surfactant effect [29].  Finally, the second delta-doping of Mg for sample Mg2 at 
valve position 280 mils may be a result of reaching surface Mg concentrations so high 
that the Mg incorporation in the N-polar material nearly matches that of the previous 
delta doping peak in the Ga-polar material. 
8.2.3 Higher incorporation with MME 
Below the saturation limit, the level of Mg doping is consistent between 
unmodulated and MME growths, and it is believed that all deposited Mg is either 
consumed or desorbed between MME cycles.  However, at the saturation limit and above, 
there are drastic differences between the unmodulated and MME growths.  It has been 
shown that Mg can form a stable structure on GaN at high Mg fluxes [64].  Therefore, if a 
Mg adatom is able to remain on the surface beyond the period of MME, the concentration 
of Mg will continue to build up to higher levels as MME proceeds.  Eventually 
approximately 1.2 monolayers are built up on the surface, and the Mg is depleted from 
the surface through defects, similar to unmodulated growth [65].  However, with MME, 
this buildup and depletion can occur in the absence of Ga during the closed shutter 
 
112 
portion of MME.  Therefore, with the source shutters closed and after Ga is consumed, 
the Mg is able to incorporate into the film through defects at much higher concentrations 
than if Ga were also being incorporated at the same time, and at much higher 
concentrations compared to Mg.  This theoretical model, based on surface segregation 
and a desorption-limited mechanism, may also explain why Mg incorporation is not 
initially increased with higher Mg flux in Figure 24, since Ga flux is never interrupted 
and Ga adatoms are constantly saturating the surface, not allowing Mg to exclusively 




































Figure 42: SIMS data for Mg-doped GaN step profiles for an unmodulated, droplet-free 
growth (Mg1), and a smart-shuttering MME growth (Mg2) with similar growth 
conditions.  Note the much higher delta doping of Mg possible with MME, approaching 
two atomic percent (color online). 
 
 
8.2.4 Mg incorporation consistency 
As stated, high Mg concentrations such as those for the delta-doping portions of 
sample Mg2 have not been previously sustainable [29].  However, Figure 43 shows a 
bulk Mg-doped GaN sample with a consistent Mg incorporation level of approximately 
7×1020 cm-3.  Unfortunately but as expected, the sample had a high resistivity of 7.77 
Ω⋅cm and low mobility, which limited further electrical characterization of the sample.  
In the figure, the deviations at the extremities are due to non-steady-state surface effects 
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[119], and the mixing of secondary ion species at the matrix change (substrate interface) 
at approximately 0.4 μm due to a non-flat crater bottom.  This sample serves to show the 
consistency of Mg doping when using the smart-shuttering MME technique, despite the 
non-steady-state nature of the shutter modulation approach. 
 



























Figure 43: SIMS data for Mg-doped GaN sample with constant doping to illustrate 
uniform doping using the smart-shuttering MME growth technique with a high Mg 
incorporation.  The average incorporation level of Mg is 7×1020 cm-3.  Mg, Ga and Al 
signals mix at a depth of approximately 0.4 μm because of crater rounding at film 





8.2.5 Electrical characterization 
Further optimization of the Mg-doped GaN MME growth process was done, and 
consistently electrically active p-type GaN was achieved, as shown in Table 7.  Hole 
concentrations were obtained from 2.21×1017 to 4.74×1018 cm-3.  The lower concentration 
samples were grown with a Mg bulk temperature of 290 °C, with a valve position of 100 
mils and exhibited a mobility of 9.73 cm2/Vs, resistivity of 2.91 Ω⋅cm, and F factor of 
0.85.  The higher concentration sample was grown with a Mg bulk temperature of 300° 
C, a valve position of 100 mils and a substrate temperature of 500° C  with an average 
mobility of 1.01 cm2/Vs, resistivity of 1.31 Ω⋅cm, and F factor of 0.99.  A strength of 
smart-shuttering MME lies in repeatability, thus the percent variation was found for two 
samples grown with the same target electrical characteristics.  The percent variation for 
these two samples was 7.74% for hole concentration, 23.63% for mobility, 21.41% for 
resistivity, and 14.85% for the F factor.   
 
Table 7: Values of lower and upper Mg-doped GaN carrier concentrations, with percent 
variation given for repeated samples. 
 Lower Upper 
% 
Variation 
Hole concentration (cm-3) 2.21×1017 4.74×1018 7.74 
Mobility (cm2/Vs) 9.73 1.01 23.63 
Resistivity (Ω⋅cm) 2.91 1.31 21.41 





8.3 GaN with In 
8.3.1 Growth and characterization conditions 
To observe the effect of MME growths on InGaN, sapphire samples were 
prepared as outlined in Appendix A, and growth conditions were systematically found 
that yielded unmodulated droplet conditions with approximately 1.3% In InGaN.  These 
conditions included a substrate temperature of 550° C, a Ga cell temperature of 980° C 
(6.76×10-7 Torr, BEP), and an In cell temperature of 805° C (2.65×10-7 Torr, BEP).  
Smart-shuttering MME was then used with the same growth conditions, but with an 
increasing In flux for each subsequent sample, including 805° C (2.65×10-7 Torr, BEP) 
for sample In2, 822° C (3.51×10-7 Torr, BEP) for sample In3, and 835° C (4.53×10-7 
Torr, BEP) for sample In4.  Unmodulated, droplet-free growths were then grown to 
match the In composition of the initial droplet regime growth.  This was accomplished 
with a Ga cell temperature of 960° C (5.38×10-7 Torr, BEP), and In cell temperatures of 
780° C (1.63×10-7 Torr, BEP) for sample In5, and 750° C (7.63×10-8 Torr, BEP) for 
sample In6.  The nitrogen plasma source flow rate was kept constant at 1.3 sccm for all 
growths, according to Appendix B.  XRD was done on these samples, as outlined in 
appendix D.3, for comparison of In composition and the data is shown in Figure 44.   
8.3.2 In composition 
Sample In1 was grown unmodulated within the droplet regime for an In 
composition of 1.28%.  However, when using smart-shuttering MME with the same 
conditions, the In composition dropped to nearly 0% In, as seen for sample In2.  Raising 
the In flux to nearly double the initial level had no consistent effect on the In composition 
when using MME, as seen for samples In3 and In4.  To obtain droplet-free InGaN with 
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the same, or higher, In composition, the metal fluxes had to be reduced significantly.  
Samples In5 and In6 were grown unmodulated and without droplets for In compositions 
ranging from 1.3 – 5.5% In.  Therefore, while MME may be beneficial for growth 
condition variance rejection, it was not possible to grow a significant In composition of 
InGaN using the technique since it uses metal rich conditions.   
8.3.3 Theoretical analysis 
The explanation of this observation may be the opposite of why Mg is able to 
incorporate at such high levels with MME, and is related to a competition between In and 
Ga adsorbed atoms (adatoms) for available group-III sites.  These experimental 
observations show Ga adatoms have a higher probability of occupying available group-III 
sites when in competition with In.  However, sample In1 proves that when significant Ga 
and In are present, In is still able to incorporate, albeit at low concentrations.  In other 
words, although enough Ga flux is present in this growth to occupy all available group-III 
sites, Ga does not always win the competition, and thus In is able to incorporate into the 
film.  Nevertheless, when the abundant Ga and In are deposited in layers between equal 
periods of no metal deposition, as with MME, Ga nearly always wins the competition and 
occupies nearly all of the group-III sites.  Because MME uses metal rich fluxes, the 
growth conditions effectively give the Ga atoms more time to displace In atoms during 
the shutter closed period.  Furthermore, the residence time of In is exponentially shorter 
than Ga due to desorption rate differences, resulting in a nearly 100% Ga incorporation 
and correspondingly, nearly 0% In incorporation.   
Indium has a high desorption rate at 550° C [141, 142], which makes 
incorporation near this temperature almost impossible with MBE [141].  However, since 
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a small In incorporation was achieved at this substrate temperature for samples In1, In5 
and In6, the high desorption rate cannot be the only reason for the lack of In 
incorporation with MME, though it is probably significant.  Therefore, it is believed that 
at steady state with an unmodulated growth with these growth conditions, the majority of 
In will desorb, but since In is constantly being supplied to the surface from the effusion 
cell, a small fraction of In is incorporated into the film.  On the other hand, when using 
MME to create a period of no metal flux, steady state is never maintained, and nearly all 
of the deposited In is quickly desorbed upon shutter closing, while the excess Ga remains 
on the surface longer and is incorporated into the film.  Thus, the result of growing with 
shutter modulation is a film with nearly 0% In, as observed with all MME samples.  
Nevertheless, shutter modulation within the N-rich regime may be beneficial for InGaN, 
and is suggested as a future research direction.  Furthermore, the film color became 
brown and darker with increasing In flux when growing with MME.  This may be a result 
of the increasing number of In adatoms blocking available group-III sites from the 
available Ga adatoms before the In adatoms eventually desorb from the surface, resulting 






















2-Theta diffraction angle (deg)
 In1 (N2281): 1.28% In
 In2 (N2282): 0.18% In
 In3 (N2283): 0.60% In
 In4 (N2284): 0.12% In
 In5 (N2331): 5.5% In
 In6 (N2332): 1.3-5.2% In
 
Figure 44: X-ray diffraction data for unmodulated InGaN with droplets (In1), MME 
grown InGaN (In2 – In4), and unmodulated InGaN without droplets (In5, In6).  MME 
samples were grown with same conditions as In1, but with increasing In flux.  Note the 
lack of response to the increased In flux for the MME samples.  In5 and In6 were grown 





Since MME offers the ability to grow droplet-free with metal-rich growth 
conditions, the effect of adding Si, Mg and In to the droplet regime growths was 
observed.  Consistent Si-doped GaN was achieved with smart-shuttering MME, as high 
as 1.64×1020 cm-3.  A substantially higher sustained concentration of Mg, approaching 
two atomic percent, was achieved using the MME technique versus other techniques, 
though the material was highly resistive.  However, repeatable electrically active p-type 
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GaN was grown using smart-shuttering MME with lower Mg concentrations and hole 
concentrations from 2.30×1017 to 4.74×1018 cm-3.  The hole carrier concentrations were 
repeatable within 8% for identical growths using smart-shuttering MME, which is a 
significant improvement over traditional unmodulated reproducibility.  While a 
significant amount of In composition was achieved in the droplet regime without shutter 
modulation, In incorporation was negligible when using MME.  The high desorption rate 
of In coupled with the inherent transient surface adatom concentration was determined to 
be the cause of Ga overwhelmingly dominating the available group-III sites.  Therefore, 
InGaN is not suitable for MME at these growth temperatures.  While MME may not be 
suitable for InGaN, it has proven to be reliable for Si-doped GaN, and a significant 
improvement for Mg-doped GaN.   
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CHAPTER 9:  FUTURE WORK 
The implementation of a closed-loop growth control system for MBE can be 
extended even further than smart-shuttering MME using other available inputs and 
outputs already on the systems.  The available inputs of DMS and pyrometric 
interferometry, covered in Appendix F, could be used to complement the RHEED data 
for even better growth characterization.  The outputs of source cell temperature (which 
controls the metal flux), nitrogen flow rate (which controls the nitrogen rf plasma flux), 
and substrate temperature could all be controlled using PID controllers for even better 
growth condition control.  For example, using the exponential time constant extracted 
from the MME techniques, the source cell temperatures could be adjusted to maintain III 
– V ratios, and thus maintain consistent exponential time constant responses. 
The issues of negligible In incorporation using MME can be addressed by 
attempting a few alternatives.  First, since the desorption of In is a large contributor to the 
low In incorporation of GaN when using MME, this problem may be overcome simply 
by lowering the substrate temperature.  Alternatively, growing thin layers of InN 
independent of GaN growth may allow for an aggregate InGaN composition.  However, 
the thickness of these InN and GaN alternating layers must be thin enough to keep the 
carriers behaving as if the material were homogeneous.  To accomplish this, the thickness 
of the layers must be low enough to satisfy superlattice properties.  Fortunately, the MME 




Shutter modulation of the nitrogen source should also be explored.  Because 
surface adatom migration was significantly improved by flooding the surface with the 
group-III metal, it is possible to further improve surface migration by removing the 
group-V source altogether when depositing the group-III source, much like the MEE 
technique.  However, unlike MEE or MME, it may be beneficial to modulate only the 
nitrogen source in order to increase mobility.  This alternative approach would be a 
Nitrogen Modulated Epitaxy (NME), rather than Metal Modulated Epitaxy (MME) 
technique.  Thus, using the NME technique, the problems with growing InGaN may be 
overcome since the In source flux is never removed, and metal concentration on the 
surface can reach and maintain a steady state. 
However, the current success of smart-shuttering MME can be used now to 
answer other unknowns of Mg-doped GaN.  The nemesis of electrically active Mg-doped 
GaN is the compensating deep-level defects that act as recombination-generation (R-G) 
centers, trapping free hole carriers generated by the acceptors.  The detection of these 
defects can be difficult, since the defect concentration can be as low as 1 × 1014 
impurities per cm3 [146].  Figure 45 shows the sensitivity of various popular defect 
detection techniques.  Of the techniques shown in the figure, the only technique that can 
detect the necessary low levels for analysis of defects in GaN doped with Mg, as well as 
the defect energy position in the band gap and the defect capture cross section [147] is 
deep-level transient spectroscopy (DLTS).  Details of DLTS are covered in appendix C.2.  
Therefore, DLTS can be used to detect the deep-level defects that form as a result of Mg 
doping by analyzing films with increased Mg doping and observing which defects are 





Figure 45: Summary of typical sensitivities of various impurity measuring methods [148]. 
 
 
Although DLTS on Mg-doped GaN has previously been performed by others 
[146, 147, 149-154], some studies only identified the activation energy of the Mg 
acceptors [150, 153], while others used only one level of Mg doping to identify various 
traps [146, 147, 149], which were not conclusively linked to Mg doping and could have 
been a result of other growth conditions, such as the use of hydrogen or oxygen [147].  
Others went a step further to study the effects of different annealing or activation 
temperatures on Mg-doped GaN [151, 154].  No study has shown the development of the 
deep-level traps as a function of Mg doping to determine correlation and definitively 
assign responsibility to the Mg doping and not to other variables.  The closest study to 
this idea included low Mg doping levels in n-type GaN to determine the effect on trap 
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levels near the conduction band [152] and was only done for two levels of Mg doping, 
thus is considered a largely unrelated study.  Furthermore, none of these studies were 
done using a traditional MBE system and suffered from unintentional dopants from 
precursors and carrier gases.  Therefore, it would be beneficial to conduct an experiment 
of DLTS measurements on MBE grown GaN pn diodes with increasing Mg dopant 
concentration to correlate trap levels with increasing Mg concentration.  This experiment 
would for, the first time, allow the measurement of the dominant, electrically active, 
deep-level defects formed by increased Mg doping in GaN using DLTS.  However, since 
consistent Mg-doped GaN was a limiting factor, this can now be overcome by using 
smart-shuttering MME and the experiment is now possible. 
To prepare samples for the DLTS experiments, a series of GaN pn+ diode 
structures should be grown with the same growth conditions, but with varying Mg 
concentrations.  Before MME, the ability to grow Mg-doped GaN with tightly controlled 
Mg concentrations was not feasible.  However, these samples can now be grown in an 
MBE chamber, where previously covered growth [22, 112], optimization [20, 23] and 
characterization techniques could be used to minimize unintentional variation.  However, 
in order for the DLTS experiment to extract data only from the p-type side of the pn 
diode, pn junction depletion width calculations must be done.  The equations for the n- 
and p-side depletion widths are given as [43] 
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where Xn and Xp are the depletion width on the n- and p-side, respectively, Ks is the 
semiconductor dielectric constant, ε0 is the permittivity of free space, q is the charge of 
an electron, Na is the concentration of free hole carriers, Nd is the concentration of free 
electron carriers, Vbi is the built-in potential of the junction, and Va is the applied voltage 
to the junction.  Figure 46 shows solutions to these equations for a fixed Va of -7 V with 
varying carrier concentrations, and also for fixed carrier concentrations with varying Va.  
Using smart-shuttering MME, the highest hole carrier concentration was approximately 
1×1018 cm-3, and the highest electron carrier concentration was over 1×1020 cm-3.  
Therefore, these values were used to determine the depletion width of the p-side at 
various applied voltages, as seen with the red curve in Figure 46.  From this data, a Mg-
doped GaN film with a hole concentration of 1×1018 cm-3 can be fully depleted at a 
reversed bias potential of -7V if the film is less than or equal to 0.1 μm, which defines the 
target thickness of the Mg-doped GaN film grown on a Si-doped GaN layer.   
The blue and green curves in Figure 46 show the behavior of the n- and p-side 
depletion widths as a function of carrier concentration with a fixed applied bias voltage of 
-7 V.  The green curves show data for varying Nd, and Na fixed at 1×1018 cm-3.  At the 
target level of Nd = 1×1020 cm-3, it is clear that the n-side depletion width is negligible 
compared to the p-side depletion width.  Furthermore, the blue curves, which show data 
for varying Na with Nd fixed at 1×1020 cm-3, verify that the p-side will completely deplete 
a 0.1 μm Mg-doped GaN film for hole carrier concentrations less than 1×1018 cm-3, with 
a negligible depletion width on the n-side.  Therefore, by using the tools presented in this 
dissertation, it is possible to perform this experiment using DLTS. 
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Figure 46: n- and p-side depletion width calculations for varying applied voltage, Va, and 
varying dopant concentration, Na and Nd.  Target doping concentrations for the pn 





CHAPTER 10:  CONCLUSIONS 
By increasing the understanding of Mg-doped GaN through an exhaustive review 
of current limitations, increased control over the material was achieved by addressing 
several of these issues.  The review of Mg-doped GaN found that the material suffered 
from a low solubility of Mg into GaN [11], a tendency of Mg to accumulate and 
segregate at surfaces [18], a memory effect of Mg in a growth chamber [16, 17], a high 
vapor pressure of Mg at low temperatures [15], a low sticking coefficient of Mg on GaN, 
a deep ionization energy of Mg acceptors in GaN [19], unintentional hydrogen and 
oxygen doping [86, 88], a significant compensation of Mg acceptors at high dopant 
concentrations [11], and a drastic dependence upon the growth regime or III – V ratio 
[21].  As these issues were addressed, repeatable and reliable Mg-doped GaN became a 
reality using the tools and techniques developed as a result. 
  To address the memory effect [16, 17], low sticking coefficient and high vapor 
pressure of Mg [15], a new Mg dopant source was characterized and modeled for p-type 
doping of GaN with PAMBE [20-23].  The device, which was much like a traditional 
effusion cell with a valved thermal tip, enhanced the sticking coefficient by energizing 
the outgoing Mg flux.  The first reported demonstration of an abrupt junction between 
two non-zero Mg-doped GaN films, and first reported demonstration of a graded Mg-
doped GaN film were also achieved using this new Mg-dopant source. 
The significant compensation of Mg acceptors at high dopant concentrations [11] 
was used advantageously to develop a new ex situ resistivity analysis technique using 
SIMS to characterize doping of buried layers [28].  The new technique works by 
 
128 
monitoring changes in the energy distribution of host atom secondary ions during a SIMS 
depth profile.  By analyzing a film with increased Mg doping, the barrier between 
conductive Mg doping and resistive Mg doping was identified, and Mg-doped GaN could 
be optimized. 
Because Mg doping exhibits a drastic dependence upon the growth regime or III – 
V ratio [21], a new growth and regime characterization technique was developed using 
RHEED [24, 25].  The technique uses specific RHEED intensity responses to metal 
source shutter transitions to define each growth regime.  These intensity responses 
include exponential drops and oscillations upon shutter opening, and delay periods upon 
shutter closing.  The time constant of the exponential drops can be used to repeat growth 
conditions, and the delay period can be used to determine the existence of droplet 
buildup.  These new in situ growth indicators can be used to assure III – V ratio or 
growth regime for Mg-doped GaN for repeatable growths.  During the development this 
technique, a new surface kinetics growth model for III-nitrides based on DMS 
observations was discovered [155].  This model suggests a cation-anion exchange process 
initially upon metal shutter opening and a preferential buildup of the metal bilayer before 
growth begins, and may apply to all III-nitrides that exhibit a bilayer, which is important 
for Mg-doped GaN because of surface segregation issues [18]. 
Using the new RHEED growth and regime characterization technique, a new 
growth technique called metal modulated epitaxy (MME) was developed [26, 27].  MME 
was determined to increase repeatability, uniformity and smoothness of PAMBE grown 
films.  This was accomplished by growing with conditions that would normally lead to 
droplets, but modulating the shutter to allow enhanced migration of the metal adatoms for 
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improved lateral growth.  As a result the window of growth conditions which lead to 
intermediate-like morphologies was expanded (allowing more error toleration), rms 
roughness was halved, and grain size grew by as much as 245%.  Because several reports 
indicate successful Mg-doped GaN for Ga-rich growths [18, 82], this new technique 
offers the certainty to grow smooth films in the Ga-rich regime for more successful Mg-
doped GaN. 
The MME technique was enhanced with a closed-loop control using real-time 
feedback from RHEED transients to control shutter transitions.  This enhancement, called 
“smart shuttering,” is a low-cost and low-complexity closed-loop solution with powerful 
results.  Growth rate was improved over the standard MME technique by nearly 60% by 
reducing the shutter-closed time to a minimum.  Surface roughness was reduced to less 
than 1 nm rms, an improvement factor of up to 25.7 over unmodulated growth.  Grain 
size was increased by over 300% using smart-shuttering MME to an average diameter of 
nearly 200 nm compared to unmodulated growth.  Moreover, values were repeatable 
within 1% for growth rate, 19% for roughness, and 2% for grain size.  The smart 
shuttering extension to MME allows the repeatable growth of high surface quality Mg-
doped GaN. 
Effects of MME were observed with Si, Mg and In during GaN growths.  GaN 
was successfully doped with Si for a range of electron carrier concentration from 
9.91×1018 – 1.64×1020 cm-3, with low resistivities, from 0.048 – 0.0018 Ω⋅cm.  
Repeatable Mg-doped GaN was achieved with a variation of less than 8%, and a peak 
hole carrier concentration of 4.74×1018.  However, no appreciable amount of In was 
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incorporated when attempting to grow InGaN using MME.  This was thought to be a 
result of a high desorption rate of In at the substrate temperature.   
In summary, by understanding the limitations of Mg-doped GaN, tools and 
techniques for increased control were developed to address these issues.  These tools and 
techniques culminated with the achievement of reproducible Mg-doped GaN, which 
substantiated their importance.  However, with many GaN applications not being 
developed further due to inconsistent Mg-doped GaN, this achievement is only the 
beginning.  The applications that will most notably benefit from this achievement include 
all those based on the pn junction, such as LEDs or other photo emitters, and solar cells 
or other photo detectors.  The consistency offered by the presented techniques may be all 
that is necessary to push the development of GaN-based applications further. 
 
131 
APPENDIX A:  PRELIMINARY GROWTH PROCEDURES 
A.1 Substrate cleaning and preparation 
To maintain high purity in the growth environment and minimize contamination, 
all samples were chemically cleaned to remove organics before entering the vacuum 
system.  Initially, this process was a degreasing step involving soaking the samples a 
minimum of five min each in trichloroethylene (TCE), acetone and methanol while in an 
ultrasonic bath.  However, when MOCVD or HVPE GaN templates were used other 
cleaning methods were explored.  Figure 47 clearly shows advantages of other cleaning 
methods over a simple degrease cleaning [156].  Since the removal of carbon was the 
goal of the cleaning, the level of surface carbon contamination was used to evaluate the 
cleaning methods.  The best results were found for GaN cleaned with a hot piranha etch, 
which consists of a 4:1 mixture of H2SO4:H2O2 heated to approximately 90° C, followed 
by a vacuum anneal [157].  Initially, dirty photo-resist-coated samples were chemically 
cleaned for 30 minutes in the hot piranha etch.  However, after this initial one-time 
cleaning step, the samples could be vacuum-ready by another etch in the hot piranha etch 
in as little as 10 min [157, 158].  The samples were then treated as they would have been 
with the previous degreasing cleaning.  They were rinsed with de-ionized (DI) water, 
dried with a nitrogen spray gun and mounted onto a Veeco UNI-block sample holder with 
custom-made molybdenum (Mo) retaining rings and spring plates.   
To further clean the samples they were then loaded into the high-vacuum 
introduction chamber, where they were outgassed.  The previous degreasing cleaning 
used an outgassing step at 700° C for one h.  However, in the studies by Liu and 
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Machuca, only a 10 min outgassing step was required to remove surface carbon 
contamination [157, 158].  Furthermore, it has been suggested that ammonia may help in 
the cleaning during anneal.  In contrast, The study by Machuca shows that a vacuum 
anneal without ammonia yields better results [158].  Table 8 shows the effect of 
annealing the samples in both ammonia and vacuum at various temperatures.  As shown, 
the best results were observed for a vacuum anneal at 700° C for 10 min [158].  Figure 48 
shows the different electronic structures of the surface near the carbon 1s energy by 
synchrotron radiation.  The reduction of carbon can clearly be seen in this image as the 
sample is chemically cleaned and then vacuum annealed, reducing the carbon to 
background levels.  Furthermore, Figure 49 shows similar data for the Ga 3d and N 1s 
energies, which show an improved GaN surface using the cleaning and annealing 
technique by more narrow and higher intensity peaks.   
To verify the result of the chemical cleaning, Energy-dispersive x-ray 
spectroscopy (EDS) measurements were done on three pieces of the same sample coated 
with photoresist.  The first piece still had photoresist coated on the surface.  The second 
sample was cleaned using the degreasing method.  The third sample was cleaned using 
the hot piranha etch for 10 minutes.  Figure 50 and Table 9 show the result from the EDS 
scans, and verifies the superiority of the hot piranha etch to traditional degreasing 
cleaning.  Appendix D.5 gives more information on the EDS system and process used in 
this experiment.   Thus, the 10 min hot piranha etch followed by a 10 min anneal in 
vacuum was adapted as the cleaning method for subsequent growths in the presented 
experiments.  The only caveat of this method is that the hot piranha etch is known to etch 
many metals, such as Mo, which is commonly used as a backside metal for sapphire.  
 
133 
However, the surface cleaning technique had no affect on Ta, so it was used as the 










Table 8: Concentrations of oxygen and carbon, expressed in monolayers, on the surface 
of GaN following immersion in a mixture of 4:1 sulfuric acid to hydrogen peroxide and 
annealing at 10 min at the temperature indicated.  The ammonia pressure was 2 μTorr.  
Note the effectiveness of the vacuum anneal for reducing the concentration of oxygen 
and carbon [158]. 
Temperature° C  25 590 636 700 740 
[O] 1.51 0.47 0.39 0.48 0.37 Ammonia anneal 
[C] 0.32 0.23 0.13 0.01 0.01 
[O] 0.91 0.34 0.27 0.08 0.11 Vacuum anneal 




Figure 48: Electronic structure of surface using synchrotron radiation.  Surface before the 
clean is seen in the top curve, the corresponding coverage is one monolayer 
approximately.  The middle curve shows four chemical states of the carbon 1s feature 
after the 4:1 sulfuric acid to hydrogen peroxide solution, CO3, CO2, CO, and CHx species, 
from lowest to highest kinetic energy, respectively.  The starting carbon content is 70% 
oxides of carbon (middle curve).  Then after the 700° C anneal in vacuum (bottom curve), 
the total carbon content is reduced near the background, estimated at the sensitivity of the 






Figure 49: (a) Ga 3d core level before the immersion in 4:1 sulfuric acid to hydrogen 
peroxide (top curve), after immersion in the cleaning solution (middle curve), and after 
the thermal anneal at 700° C (bottom curve).  The middle curve shows the chemical shift 
of the gallium oxide component by 0.8 eV toward lower kinetic energy with respect to 
the bulk GaN peak.  The bottom curve shows the cleanest Ga 3d spectrum, with a minor 
low kinetic energy feature corresponding to the residual oxygen on the surface, estimated 
to be less than 10% of a monolayer.  (b) N 1s core level is similarly shown before (top 
curve) and after (middle curve) the 4:1 sulfuric acid to hydrogen peroxide, and after the 
700° C thermal anneal in vacuum (bottom curve).  There is a low kinetic energy feature 
after immersion in the solution (middle curve), suggesting chemisorption of oxygen onto 




























Figure 50: EDS results for GaN coated with photoresist, cleaned with degreasing method, 
and cleaned with hot piranha etch (color online). 
 
 
Table 9: EDS results from Figure 50 for GaN coated with photoresist, cleaned with 
degreasing method, and cleaned with hot piranha etch.  Note the superiority of the hot 
piranha etch over the traditional degreasing cleaning method. 
Atomic Percent % C % O %Ga %N Ga/N Ratio 
PR-Coated GaN 82.28 16.77 0 0 N/A 
Degreased GaN 47.65 0 35.04 15.47 2.26 
Piranha GaN 28.29 0 23.12 47.78 0.48 
 
 
A.2 Buffer layer growth 
To minimize the adverse effects of mismatch, low-temperature nitridation and 
high-temperature AlN buffer layers were grown before growing the GaN films [35].  
Nitridation of the sapphire substrates was done at 200° C and a nitrogen flow rate of 0.35 
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sccm (sccm denotes cubic centimeters per min at standard temperature and pressure) for 
one h.  The AlN buffer layer was grown at 800° C with the same nitrogen flow rate for 20 
min for a relatively thin, approximately 100 nm, film.   
The low-temperature nitridation and high-temperature AlN buffer layer were 
initially modeled after the work by Namkoong et al. [35].  However, after the 
development of MME, described in Chapter 6, the AlN was grown using this new 
technique for better surface smoothness.  The new technique used a higher Al flux, with a 
Al cell temperature of 1150° C (3.85×10-7 Torr, BEP), and a fixed modulation of 10 
seconds for the shutter closed and open time.  All other growth conditions were the same, 
with the exception of the nitrogen flow rate upon plasma aperture change, as described in 
Appendix B.  This resulted in a growth rate of approximately 0.521 μm per h.  Therefore, 
for a target thickness of 100 nm, the AlN film was grown for approximately 12 minutes. 
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APPENDIX B:  PLASMA APERTURE 
The plasma aperture was originally a standard 253 hole PBN plate.  However, the 
uniformity was quite poor due to the relatively short source-to-substrate distance and the 
normal angle of the drilled holes, as seen in Figure 51, Figure 52, and Figure 53.  
According to these estimates, the total non-uniformity across at two-inch wafer was 
77.7% [159].  Therefore, calculations were done by Rich Bresnahan of Veeco 
Instruments, Inc. to suggest alternate aperture designs for improved uniformity.  The 
discussion of the plasma aperture design is included in this appendix for completion and 
since the result highly affected the growth conditions of the experiments in the text. 
 
 
Figure 51:  3D Plot of Flux in Substrate Plane (x and y axis are arbitrary units equating to 






Figure 52: 2D Plot of Flux in Substrate Plane (x and y axis are arbitrary units equating to 





Figure 53: Rotationally Averaged Flux in Substrate Plane (x axis in radial inches) 




However, a more uniform growth was desired, and a new aperture plate was 
designed by Veeco Instruments.  The new aperture plate featured holes drilled at an angle, 
rather than normal to the surface.  The number of holes was increased from 253 to 712 to 
maintain the original nitrogen flux per square and maintain the same growth rate over the 
entire sample.  This required a flow increase by a factor of 2.8, or from 0.5 to 
approximately 1.4 sccm.  In practice, the necessary flow rate was determined to be 1.3 
sccm.  As shown in Figure 54, Figure 55, and Figure 56, the total non-uniformity over a 
2” wafer for this design is 5.2% [159].   The new plasma aperture was used for the smart 






Figure 54: 3D Plot of Flux in Substrate Plane (x and y axis are arbitrary units equating to 
+/- 1.5” in the substrate plane: 30,30 = Center of the wafer) (color online) [159]. 





Figure 55: 2D Plot of Flux in Substrate Plane (x and y axis are arbitrary units equating to 









APPENDIX C:  ELECTRICAL CHARACTERIZATION 
C.1 van der Pauw method for resistivity and Hall coefficient measurements  
The ability to measure resistivity and Hall coefficients for samples of irregular 
shape was developed by van der Pauw [160, 161].  He proved that the resistivity of a film 
can be measured without knowing the current pattern if the following are true: 
1. Contacts are located on the sample periphery 
2. Contacts are sufficiently small [162] 
3. The film is uniformly thick 
4. The film does not contain any isolated holes 
Figure 57 shows an arbitrarily shaped sample with four numbered contacts.  





VR = , (28) 
where V34 is the voltage between contacts 3 and 4 (i.e. V34 = V3-V4), and I12 is the current 
from contact 1 to 2 (i.e. into 1, out of 2).  If R23,41 is defined similarly, the resistivity is 






πρ , (29) 

























Rr = . (31) 
When Rr = 1, F = 1, and the sample is considered to be a symmetrical sample.   
When a magnetic field, B, is applied to the sample, the measured resistance will 
also change.  For example, R14,23 will change by ΔR14,23, and the Hall mobility can be 







23,14Δ= , (32) 
where d is the film thickness.  Therefore, several measurements can be made to determine 
the average resistances to determine resistivity and mobility.  From these values, the Hall 
coefficient can be found using 
 HHR ρμ= . (33) 
Finally, the carrier concentration can be found using the Hall coefficient,  
 
HqR
p 1=  and 
HqR






Figure 57: Irregularly shaped sample with four contacts, used to describe the van der 
Pauw method. 
 
This theory was used to update and develop a resistivity and Hall coefficient 
measurement system using a fixed 3020 G magnet.  The programming was done in 
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LabVIEW, and screen shots are shown in Figure 58 and Figure 59.  Samples were 
mounted onto the stage with no magnet present.  Probes were landed onto the four 
contacts, and information about the measurement was entered into the system, such as 
sample thickness, magnetic field, number of measurements to take before checking for 
tolerance, and tolerance of the measurement.  Since voltages were much smaller for the 
Hall coefficient measurements than for resistivity measurements, different tolerances 
were used in each case.  The measurement was then started with a relatively high current 
of approximately 1×10-4 A, and the measured voltage was monitored.  If the measured 
voltage was ever above 0.5 V, the current was reduced, and the measurement was 
restarted.  Once an acceptable current was found, the measurement was allowed to 
proceed. 
The sensitivity of the system was improved to measure Mg-doped GaN samples 
by adjusting the algorithm to determine resistances.  Instead of using a difference in an 
average or instantaneous resistance value, statistical calculations were done to determine 
when resistances had stabilized.  A sliding window of measurements was monitored, and 
the standard deviation of the measurements within the window was calculated.  If the 
standard deviation was below a certain threshold, the value was accepted.  If the standard 
deviation was above the threshold, the measurement continued, and the window of 
analyzed measurements moved on.  This improvement allowed the successful 





Figure 58: Screen shot of resistivity and Hall measurement LabVIEW program during a 







Figure 59: Screen shot of the resistivity and Hall measurement LabVIEW program after 




C.2 Deep level transient spectroscopy 
The capture cross section of a trap indicates the ability to capture a carrier and 
characterizes the behavior of a trap.  Figure 60 shows the potential well models for 
electrons in three different categories of capture cross sections [163].  With the potential 
well model, defects act to perturb the local electrostatic field and create a potential well 
shape with energy depth of ET.  When a defect has a high cross section (10-14 to 10-8 
cm2), it has the opposite charge of a carrier when not filled and is therefore considered 
coulombic attractive, represented in Figure 60a.  This results in capture for the free 
carrier of opposite charge within a distance of RC.  Once the defect is filled with a carrier, 
it becomes either coulombic repulsive, as in Figure 60b, or neutral, as in Figure 60c.  
When the defect has a low capture cross section (10-22 to 10-18 cm2), the charge of the 
defect is the same as the free carrier and considered to be coulombic repulsive, 
represented in Figure 60b.  The defect is thought to be surrounded by a potential barrier 
of qΔV which carriers must overcome to enter the trap.  Traps with cross sections 
between coulombic attractive and repulsive (10-18 to 10-14 cm2) are considered neutral 





Figure 60: An illustration of different trap cross sections using the potential well model, 
showing a) a coulombic electron-attractive trap for large cross sections, b) a coulombic 
electron-repulsive trap for small cross sections and c) a neutral trap for cross sections 
falling in between the previous two [163]. 
 
 
DLTS is the name given to the characterization technique which determines the 
time constant in an exponentially decaying waveform of capacitance, current, or charge 
transients when transiently reverse biasing a rectifying junction, such as a Schottky diode 
or pn junction.  Figure 61 illustrates the process by which the capacitance transient is 
formed for a pn+ junction, with the focus on the p-type layer.  The effects on the n-type 
layer are ignored for simplicity, though this is not unreasonable if the n-type layer is 
doped much higher than the p-type layer.  The junction is initially reverse biased in 
Figure 61(a), with voltage -V0 and capacitance C0 and a depletion width of W = xn+xp 
(xn<<xp).  Since there are an abundance of free holes in the p-type layer, the traps outside 
of the depletion region are filled with holes (i.e., capture dominates emission) and the 
initial stead-state trap density is pT(0).  At t = 0, the junction is pulsed with a reduced 
negative bias, -V1 > -V0, for time tf.  In response, the depletion width decreases and 
capacitance rises significantly.  When xp is reduced, the empty traps that were previously 
in the depletion region are filled with holes as shown in Figure 61(b).  This carrier 
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capture happens at an exponentially decaying rate and the capacitance is reduced 
likewise, as shown by the capture portion of Figure 62(a).  At t = tf, the bias is returned to 
the original reverse bias voltage, -V0 and the depletion width increases beyond the 
original value as a result of the trapped charge, causing the capacitance to drop sharply, 
below the original C0 value.  The traps in the p-type layer are initially still filled with 
holes from the previous capture, as shown in Figure 61(c), but  emission dominates 
capture for t > tf because emitted holes are quickly swept out of the depletion region by 
the electric field, so they are not able to be recaptured and the traps are eventually 
emptied.  The emission portion of the curve in Figure 62(a) and the curves in Figure 





Figure 61: A demonstration of the changes in trap states for a pn diode at (a) initial 
reverse bias, (b) reduced reverse bias at t = 0 and (c) return to original reverse bias at t = 




Figure 62: (a) Capacitance response to DLTS measurement, beginning with capture upon 
initial decrease in reverse bias at t = 0, followed by emission upon a return to the initial 
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reverse bias at t = tf.  (b) Changes in the capacitance response of the emission section as a 
function of changing the capture pulse width, tf [164]. 
 
 


















































for NT << NA, where C0 is the initial reversed bias capacitance at steady-state (i.e., device 
with no deep-level impurities), NT is the concentration of defects, pT(0) is the 
concentration of filled traps at t = 0 (assumed zero), tf is the width of the lowered 
reversed bias pulse, τc is the capture time constant, NA is the concentration of acceptors 
and τe is the emission time constant.  As t → ∞ or tf  → ∞, C(t) = C0 and the deviation of 
capacitance from C0 at t = tf, as shown in Figure 62(b) as ΔCC, is [164] 
 






















when reverse-bias is re-established.  Therefore, the defect concentration can be found by 

















0 . (37) 
In theory, either the capture and emission curves could be used to extract energy level 
and cross section.  However, in practice the capture process is more complicated since 
not all traps will initially be empty [165].  Therefore, the emission portion of the 
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capacitance transient will be used to extract the necessary parameters, with time offset to 
zero at tf.  As time progresses during emission, the capacitance transient follows the 
exponential time dependence as [164] 
 






















Assuming that the emission coefficient remains constant from equilibrium to non-
equilibrium conditions, the time constant of capacitance transient during emission ,τe, can 



















 where ET is the trap energy level, EV is the valance band energy level, k is Boltzmann’s 
constant, t is the temperature, σp is the hole capture cross-section of the trap and γp = 3.25 
× 1021(mp/mo) cm-2s-1K-2, where mp is the hole density-of-state effective mass.  Since τe 
decreases with increasing temperature, C-t measurements can be taken at various 
temperatures to find τe, t pairs.  Once a sufficient number of (τe, T) pairs are generated, 
the function ln(τeT2) can be plotted versus 1/T, resulting in a slope of (ET-EV)/k and an 
intercept of ln[1/(γpσp)] on the ln(τeT2) axis.  Using this method, the trap energy position 
(ET-EV) and capture cross section (σp) can be found.   
Therefore, the role of DLTS is the determination of τc and τe at various 
temperatures for extraction of NT, σp and (ET-EV).  However, many times there are 
several different time constants associated with multiple traps.  Most DLTS systems use 
analog techniques to extract time constants, such as the double boxcar integrator example 
shown in Figure 63, but others use more modern digital analysis for distinguishing 
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between traps [166].  Some of these systems have demonstrated ΔCC /C0 as low as 10-6 
[166, 167], allowing measurements of trap densities as low as 10-6NA.  For highly doped 
GaN with Mg with hole concentrations of 7 × 1018 cm-3 [91] and assuming a 1% 
activation for Mg acceptors, this technique allows the detection of trap concentrations as 
low as 7 × 1014 cm-3.  At lower doping levels, the sensitivity is decreased because of a 






Figure 63: Illustration of the rate window concept with a double boxcar integrator, 
corresponding to the average difference of capacitance amplitude at the sampling times t1 





APPENDIX D:  STRUCTURAL CHARACTERIZATION 
D.1 Secondary ion mass spectroscopy 
The SIMS instrument used was an Atomika Ion microprobe A-DIDA 3000-30, 
with a typical analytical chamber base pressure of 3 × 10-9 Torr.  The ion guns were mass 
filtered and neutral trapped using O2+ and Cs+ projectile ions as the primary ion beam.  It 
was operated at an oxygen beam potential of +15keV at normal incidence to the surface 
and energy of approximately +15keV at a 45° angle to the surface for cesium.  The 
secondary ion detector consisted of a quadrupole mass spectrometer and an electron 
multiplier.  The secondary ion current signal was electronically gated for 30% of a square 
rastered area to minimize crater edge effects.  Beam current was adjusted from 50 – 100 
nA and scan size was adjusted from 100 × 100 to 200 × 200 μm2 to achieve the highest 
possible signal for the desired secondary ion, without exceeding 1×106 counts per second, 
and to keep the sputter rate low enough for good depth resolution.  For oxygen beam 
analysis, the settings listed in Table 10 were used as a starting point for optimizing 




Table 10: Initial settings used for oxygen-beam SIMS 
Control Setting Control Setting Control Setting 
Scan Control 
X -1.88 Y 3.02 Width 1 
Time 04 s/Frame Gate 
5 × 10% = 50% 
Cont.  
Beam Align 
X 1.9 Y 6.49 Beam 4.55 
Sample Parameters 
Tau OFF Current +50 nA Bias 5, Ext. 
Source  Ar/Ox  
Top Controls 
Filament 0.1 Discharge 0.51,0.74 Magnet 0.525 
Extraction 0.49 Oxygen Src 0.5 bar Ion Gun 1.9×10-6 Torr
Multiplier 





Secondary Ion Control 
ΔM 6.48 Resolution 6.68 Accel. 10 
ΔE 5.3 Focus 5.94  
Electron Gun 
X -0.465 Y 2.875 Energy 2.5kV (2.515)
Filament 
2.4kV 
(7.17) Focus 9.7 Wehnelt 0.2 
 
 
D.2 Atomic force microscopy 
Atomic force microscopy was done on a Veeco Metrology Group/Digital 
Instruments Dimension 3100 scanning probe microscope (SPM).  Tapping mode 
scanning, as shown in Figure 64, was exclusively done for AFM scans.  Because GaN 
and GaN alloys are hard materials, stiff AFM tapping mode probes were also exclusively 
used.  The MikroMasch NSC16 cantilever-style tapping mode AFM probes are shown in 
Figure 65, with specifications given in Table 11.  These probes offered a high force 


























l ± 5, µm 
Cantilever 
Width, 
w ± 3, µm min typical max min typical max min typical max




The SPM power supplies were turned on, and the software was started.  The 
NSC16 probe was loaded onto the probe holder.  The tip of the cantilever was found 
using the laser for a sum of approximately 2 at the photo detector.  The photo detector 
was then centered on the reflected laser.  The !Tapping AFM profile was selected in the 
SPM software, and the microscope was centered and focused onto the cantilever tip.  
After focusing the microscope on the sample surface, auto tuning was done for the 
tapping mode probe and the values were recorded and compared to Table 11 to track 
degradation of the probe tip.  The auto tune control used a start frequency of 50 kHz, an 
end frequency of 400 kHz, target amplitude of 1.5 V, and a peak offset of 5%.   Initial 
values were then entered into the SPM software, according to Table 12 and Table 13.  
Finally, the AFM scans were then done by optimizing the images with slight adjustments 
to the initial settings.  These optimizations were done by disabling the slow axis scan, and 
monitoring the scope trace.  The amplitude setpoint was adjusted down to press harder on 
the surface, if necessary, but the integral and proportional gain were rarely adjusted.  
Scans were usually done for widths of 10, 5, 2, and 1 μm.  Analysis of the AFM data was 
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then done using either the Veeco software, n-Surf software [171], or Gwyddion open 
source software [172]. 
 
Table 12: Initial settings for tapping mode AFM. 
Scan Controls Feedback Controls Other Controls 
Scan Size 1.00 μm Integral gain 0.2 Microscope mode Tapping
Aspect ratio 1:1 Proportional gain 0.2 Z limit 6.116 um
X offset 0.00 nm Amplitude setpoint 1 V Illumination 100 
Y offset 0.00 nm Unit Metric 
Scan angle 0.00 ° Color table 12 
Scan rate 1.00 Hz Engage Setpoint 1 
Tip velocity 2.00 μm/s
Samples/line 512 
Lines 256 





Table 13: Initial input channel settings for tapping mode AFM. 
Channel 1 Channel 2 Channel 3 
Data type Height Data type Amplitude Data type Phase 
Data scale 100 nm Data scale 100 mV Data scale 100 ° 
Data center 0 nm Data center 0 mV Data center 0 ° 
Line direction Retrace Line direction Retrace Line direction Retrace
Realtime planefit Line Realtime planefit Line Realtime planefit Line 





D.3 X-ray diffraction 
X-ray diffraction (XRD) was performed on a Phillips X’Pert system.  The 
following procedure was used when taking x-ray diffraction data.  The sample was 
loaded into the machine, and all slits and masks were removed.  The Triple Axis optics 
were used exclusively for all XRD scans, so no slits were necessary.  Upon opening the 
software, any offsets were cleared, and power was ramped up, if necessary.  The detector 
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was aligned to the source by adjusting the 2-Theta angle, and cut in half by the sample by 
adjusting the z-axis.  The primary peak of the substrate (i.e. sapphire 0 0 6) was 
optimized through a series of Omega, 2-Theta-Omega, Psi, and Phi scans.  After substrate 
alignment, various peaks of the grown film were scanned according to Table 14. 
 
Table 14: Typical scan settings for manual XRD measurements 











(1 0 2) 
GaN 
(1 0 2) 
Range 9 12 4 6 4 360 
Step size 0.004 0.004 0.003 0.003 0.003 0.5 
Time per step 0.25 0.25 0.25 0.25 0.25 0.25 
Unit cell GaN GaN GaN GaN GaN GaN 
Miller indices 0 0 2 0 0 2 0 0 2 0 0 2 1 0 2 1 0 2 
Psi 0 0 0 0   
Phi 0 0 0 0   
2 Theta 37.5 36 34.5658 36   
Offset 0 0 0 0   
Omega 18.75 18 17.2829 19   
Total time 




Profilometry was done using a Tencor KLA P15 OF Profilometer.  Since GaN 
and GaN alloys are very hard materials, the stylus force was set to 50 mg, and scan speed 
was set to at most 50 μm per sec to achieve high resolution scans.  Sample thickness was 
found by scanning approximately 1.5 mm from an area of bare sapphire to the film 
surface.  These areas of bare sapphire exist because the retaining clips of the spring plates 
used when growing blocked growth in these areas.  Sufficient scan length was used on 
the bare sapphire to obtain a leveling calculation for the profile scan.  This measurement 
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was done on all available step edges, which were usually four from the four mounting 
clips.  These measurements were then averaged for an average film thickness.  From the 
average film thickness, the growth rate could be calculated using the total growth time. 
 
D.5 Scanning electron microscope and Energy-dispersive x-ray spectroscopy 
Scanning electron microscopy was done in a Hitachi 3500H scanning electron 
microscope (SEM).  However, since GaN and GaN alloys are wide band gap materials, 
sample charging created a problem with imaging with the SEM.  Minimizing sample 
charging by using a lower accelerating voltage resulted in noisy images.  Nevertheless, 
some successful imaging was accomplished.   
The Energy-dispersive x-ray spectroscopy (EDS) system used was a Noran EDS 
and was attached to the SEM.  Once an area of interest was found with the SEM, the EDS 
PHA status was monitored for the count rate of detects per second, and deadtime.  Target 
values of 1800 detects per second and 14 – 18% dead time were achieved by adjusting 
the working distance (WD), current, and voltage on the SEM.  The EDS preset time was 
set to 60 sec, and the time constant was set to Classic for the measurements.  After the 
measurement, elements were assigned to the peaks using a combination of automatic and 
manual identification.  The data was then quantified to find the weight and atomic 




APPENDIX E:  INTERFACING 22-BIT CAMERA WITH LABVIEW 
E.1 Camera properties 
The Basler A601f-HDR camera, shown in Figure 66, was used for the RHEED 
transient feedback for closed-loop control of MBE growth, as described in Chapter 7.  
This camera was chosen for the high dynamic range of intensities it can detect and 
distinguish.  This was necessary for RHEED imaging because of the drastic intensity 
changes RHEED can exhibit during surface changes.  Before using a high dynamic range 
camera, the exposure time had to be dynamically and manually adjusted to avoid clipping 
of the RHEED image at high intensities, or underexposure of the image at low intensities.  
The specifications of the A601f-HDR are given in Table 15, which shows the video 
output mode capable of delivering high dynamic range response with 22 bits per pixel.  
Since this camera would be used to image RHEED patterns and detect RHEED intensity 
transients, it was paramount that the RHEED luminescence color was well within the 
spectral response of the camera.  Figure 67 shows the spectral response for the A601f-
HDR, and because the RHEED luminescence color was green (500 – 565 nm), the 





Figure 66: Basler A601f-HRD camera (color online) [173]. 
 
 
Table 15: Specifications for the Basler A601-HDR camera [173]. 
Category Specification 
Sensor type Micron MT9V403 – ½ inch, CMOS, Global Shutter
Pixels 656 (H) x 491 (V) 
Pixel size 9.9 μm (H) x 9.9 μm (V) 
Max. frame rate 
(at full resolution) 
60 fps in 8 bit output modes 
30 fps in 16 bit output modes 
(frame rate is lower when the HDR feature is used) 
Video output formats Mono 8 (8 bits/pixel) 
Mono 16 (16 bits/pixel – up to 16 bits effective) 





Figure 67: Spectral response for the Basler A601f-HDR [173].  Note the excellent 




The high range of the A601f-HDR is achieved by capturing several complete 
images at progressively longer exposure times, then combining the data into one image.  
For the shortest exposure times, the brightest areas will be sharp but the dark areas will 
be underexposed.  For the longest exposure times, the dark areas will be sharp, but the 
bright areas will be overexposed.  The internal HDR algorithm of the camera analyzes 
each pixel of the collected images, and chooses the pixel that best represents the image 
without over- or underexposing the pixel.  These representative pixels are then merged 
and represented on an output range of up to 22 bits.  Therefore, while the camera captures 
several images internally, it behaves as though it is capturing a single image. 
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The main parameters of the HDR feature are quality, dynamic bits, and start 
shutter.  The quality parameter setting specifies how many internal images will be 
captured and combined into the final output image.  There are four quality settings 
including high, normal, medium and low, with higher quality indicating greater number 
of internal images used to create the output image.  The practical implication in the 
output as a result of changing the quality parameter is lower noise versus higher frame 
rate.  Noise is obviously reduced with an increased number of internal images, but frame 
rate is also reduced.  Figure 68 shows the signal-to-noise ratio for different quality 
settings at 20 bits per pixel.  The dynamic bits parameter setting specifies the bit depth of 
the output image generated by the camera, and this can be as high as 22 bits.  However, 
this parameter is limited by the start shutter parameter.  As the start shutter value is 
increased, the maximum allowed dynamic bits parameter is decreased.  The start shutter 
parameter setting represents the variable n in the equation 
 Start Shutter Time = (n x 20 μs). (40) 
Since the A601f-HDR captures several internal images at progressively longer exposure 
times, this setting determines the exposure time for the first image in the series.  Other 
exposure times are calculated by the camera based on the start shutter value.  Increasing 
this parameter will increase the brightness of the output image, but will also reduce frame 
rate.  For the presented experiments, the best HDR parameters found were high quality, 
16 bits per pixel, and a start shutter of 10 (200 μs starting shutter time).  This resulted in 
bright output images with intensity levels in the 5,000 range, with a frame rate near 5 





Figure 68: Signal-to-noise ratios for Basler A601f-HDR camera images with a 20 bit 
depth at different quality parameter settings [173]. 
 
 
E.2 Camera and computer communication 
The Basler A601f-HDR uses an IEEE-1394a 2000 compliant physical layer 
device to transmit data [174].  The camera has a 6-pin connector for a standard IEEE-
1394 socket.  Camera parameters are set by the IEEE-1394 interface, including the HDR 
parameters of quality, dynamic bits, and start shutter.  However, other parameters must 
be set before the HDR feature is available.  These parameters include the video format, 
the video mode, and the color coding.  The video format must be set to video format 7, 
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the mode must be set to mode 2, and the color coding  must be set to Vendor Specific 0.  
With these settings, the camera actually outputs a 16 bit image.  However, with the 
Vendor Specific 0 color coding, the least significant byte of the 16 bits per pixel 
represents an unsigned base, and the most significant byte represents an exponent, for an 
actual value of 
 Actual Pixel Value = Base x 2exponent. (41) 
Therefore, if a value of 0x0DC3h is output, the base would be 195d and the exponent 
would be 13d for an actual value of 
 Actual Pixel Value = 195 x 213 = 1597440d. (42) 
Using this method, the A601f-HDR can output pixel values of up to 22 bits without 
modifying the IEEE-1394 standard which limits pixel values to 16 bits.  Built-in 
LabVIEW IEEE-1394 drivers were used to set the video format and video mode, but the 
color coding was a non-standard setting.  Therefore, the specific color coding setting was 
read from an inquiry register at address 0xFFFF F1F0 0224, and written to the control 
register at address 0xFFFF F1F0 0210. 
To modify the HDR parameters in the A601f-HDR, a globally unique identifier 
(GUID) or universal unique identifier (UUID) was needed for the control or status 
register (CSR).  The GUID was then used to find the address of the IEEE-1394 register 
for that feature.  The GUID consists of one 32 bit number, two 16 bit numbers, and a 
sequence of 8 bytes, such as CA8A916A – 14A4 – 4D84 – BBC9 – 93DF50495C16, for 
example.  The GUID was divided into sections as (D1) – (D2) – (D3) – (D4[0] – D4[1]) – 
(D4[2] – D4[7]) and written to an inquiry register laid out as shown by Table 16 at 
address 0xFFFF F2F0 0000.  If the camera recognizes the GUID as a valid CSR for the 
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camera’s smart features (SF), an address for the CSR is written by the camera to the SF 
address register at addresses 0xFFFF F2F0 0020 and 0xFFFF F2F0 0024 in the format 
shown by Table 17.  However, if the camera doesn’t recognize the GUID, it will return 
0x0.   
 
Table 16: Basler A601f-HDR smart feature inquiry register layout [173]. 
 Bit 
Offset 0 – 7 8 – 15 16 – 23 24 – 31
10h D1 
14h D3 D2 
18h D4[3] D4[2] D4[1] D4[0]
1ch D4[7] D4[6] D4[5] D4[4]
 
 
Table 17: Basler A601f-HDR smart feature address register layout [173]. 
 Bit 
Offset 0 – 7 8 – 15 16 – 23 24 – 31
20h Address Low 
24h Address High 
 
 
The CSR GUID for the HDR features was 93F1F19D – 5761 – 4260 – 
A9D787F7BE722129, which returned a CSR address of 0xFFFF F2F0 00D0.  This 
register had a layout indicated by Table 18.  Thus, values of the quality, dynamic bits, 
and start shutter parameters could be set using IEEE-1394 register communication 
provided by LabVIEW.  However, when images were collected from the camera, they 
had to be converted from 16-bit, according to equation 41.  Furthermore, while the data 
was being recorded and analyzed on a higher bit level, the image had to be adjusted for 
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monochrome 8-bit display.  A simple gamma function was used to accomplish this, as 













PP 2558 . (43) 
Where P8 is a resulting 8 bit pixel value, PHDR is the original pixel value of the HDR 
image, PHDRMax is the maximum pixel value of the entire HDR image, and γ is the gamma 
setting to adjust sensitivity.  This allowed visual display of images as high as 22-bits per 
pixel on a standard monochrome 8-bit display.  Figure 38 shows a clear RHEED image 




Table 18: Basler A601f-HDR HDR CSR layout [173]. 
Position Field Bit Description 
Presence_Inq 
(Read only) 
[0] Presence of this feature 
0: Not available, 1: Available 
 [1] Reserved 
One_Push_Aut
o 
(Read / write) 
[2] One push automatic parameter adjustment. 
Setting the bit to 1 will initiate the automatic 
adjustment routine.  The bit will reset to zero 
when the routine is complete. 
 [3] Reserved 
Quality 
(Read / write) 
[4 … 5] Determines the number of exposures that will 
be captured to create the final image.  Higher 
quality requires more exposures. 
0: High quality 
1: Normal quality 
2: Medium quality 
3: Low quality 













(Read / write) 









[0 … 31] Maximum allowed value for the starting 
shutter setting 
12 Start_Shutter 
(Read / write) 
[0 … 31] Start shutter time = (start_shutter register 





APPENDIX F:  IN SITU GROWTH RATE ANALYSIS TECHNIQUE 
Growth rate determination is crucial for controlling MBE growth and achieving 
consistent results.  The growth rate is commonly extracted either in situ from RHEED 
oscillations [121, 123, 126], or ex situ by thickness measurements.  While in situ growth 
rate determination is ideal and preferred over ex situ techniques, RHEED growth 
oscillations are not always observed for all MBE machines and material systems [25].  
Though not as widely used as the previous techniques, pyrometric interferometry (PI) 
was developed on the GaAs material system and is another in situ technique that can be 
used to determine growth rate [175, 176].  Furthermore, the application of PI on the GaN 
material system has been successful [177-179].   
For MBE growth on sapphire, heat is coupled into the substrate by the heater 
filaments heating the backside metallization.  The heat is then transferred through the 
sample by conduction, and then emitted at the substrate surface.  If there is a 
heterointerface near the surface, multiple internal reflections can occur for wavelengths 
that are not attenuated, before they exit the film, as shown in Figure 69.  The combination 
of these reflections cause constructive and destructive interference.  Moreover, for any 
given wavelength (λ), there will be a maximum in the intensity for each increment of 
optical path of λ/(2η).  For a film growing in thickness, this will cause oscillations with a 
period (T), which is related to the growth rate (G) and refractive index of the material (η) 







T = . (44) 
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Therefore, by fitting the measured temperature oscillation data to the equation 
 ( ) 4320 sin1 AAtAeATemp tA ++= , (45) 
where t is the time and A0 – A4 are fitting parameters, the period can be extracted from 
the A2 fitting parameter as T = 2π/B.  Rearranging equation 44, the growth rate can be 
determined using the wavelength of the pyrometer, 940 nm, and the index of refraction of 
GaN, which is 2.33 [180].   Finally, the thickness can be extracted from the growth rate 
by multiplying by the total growth time.  
 
 
Figure 69: Schematic of basis of pyrometric interferometry: heat flows through substrate, 
resulting in multiple reflections in film, which create interference effects depending on 





An IRCON pyrometer was used to sample the temperature of a 3 mm diameter 
area at the center of the substrate by monitoring emitted radiation in a narrow range of 
wavelengths (0.94 ± 0.03 μm).  The analog output signal of the pyrometer was recorded 
using a LabVIEW program as growth proceeded.  The data was then fit to equation 45 to 
extract the growth rate and total thickness.  Figure 70 shows a screen capture of the 




Figure 70: Screen shot of pyrometric interferometry (PI) LabVIEW program, which 
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